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FOREWORD

A short history of the development of the prediction methods in this Technical Note will
permit the reader to compare thew with carMdr pruccd_un*l. B_ﬂm(' of thesd methods were firat
reported by Norton, Rice and Vogler [ 1955] “Further development of forward scatter predictions’ )
and a better underatanding of the refractive index structure of the atmosphere led to changes. re-
ported in an early unpublished NBS report and in NBS Tec:hnical Note 15 [Rice, Longley and
Norton, - 1959] .. The methods of Technical Note 15 aerved as a baain for part of another unpubliuhed
NBS report which waa incorporated in Air ForCE, Technical Ord_er T\. O. 312—10-1 in 1961, A
preliminary draft of the current techaical note. w.as subl‘-nlt(ted‘as a U. 8. Study Group V. contribution
to the CCIR in 1962. \ \ | | . _

"Technical Noté 101 uses the' metric system throughout, For mdst computations both a
graphical method and formulas suitable for 4 digital computér are presented. These fnclude simple
and comprehensive formulaa for computing diffractlon over smooth earth and over irregular terrain,
as well as methods for estlmatmg 'diffraction over an {solated rounded obstacle., New empirical
graphs are included for estimating 1ong—.torm\variabil.it-y f_or several climatic regions, based on‘ data
that have been made available. _ \ o

For paths in a continental temperate ,olimate, these predictions are practically the same ag
those published in 1961. The readexr will find that a number of graphs have been simplified and tha’t-
many of the calculations are more readily adaptable to computer programming, The new material
on time availability and service probability in several climatic regions should prove valuable for
areas other than the U. 5. Av. : _

Changes in this revision concefn m;a.in"ly; sections 2 and 10 of volume 1, annexes I, I and V
of volume 2, and certain changes in notation and symbols, The latter changes niake the notation
more coosistent with Btatistical.p_ractice.

\ . Sectlon 10, Long-Term Power Fading contains additional material on the effects of atmos«
pheric stratification, :

' For convenience in using volume 2, those symbols which are found only in an annex are
listed and explained at the end of the ap‘oropria’te danhex,  Section 12 of volume 'l liste and explains

only those symbols used in volume 1,

Nate: This Technical Note consists of two volumes as indicated in the Table of Contents.

21



N O T 1 C E
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TRANSMISSION 1.OSS PREDICTIONS FOR
TROPOSPHERIC COMMUNICATION CIRCUITS

P. L. Rice, A, G. Longley, K. A, Norton, and A, P. Barsis
1. INTRODUCTION

' This report presents corﬁprehenuive methods of calculation which have been found useful
either for explaining or for predicting cumulative distributions of transmission loss for a wide
range of radio frequencies over almo.lt ariy type of terrain and in several climatic regions. Such
-guantitative estimates of propagation characteristics help to determine how well proposéd radio
systems will meet requirements for satisfactory service, free from harmful iriterference: Thus
they should provide an important step toward rﬁore efficient use of the radio frequency spectrum.

The need for comprehensive and accurate calculation methods is clearly demonstrated-
when measured transmission loss data for a large number of radio paths are shown as a func-
tion of path length, In figures 1.1 to 1.4 of annex I, long-term median values of atteriuation rcla-
tive to ﬁee’_lp&ce for more than 750 radio paths are plotted versus distance, The extremely
wide scatter of these data is due mainly to path-to-path differerces in terrain profiles and ef-
fecti\.re antenna heights, Values recorded for a long period of time over a single path show com-
parable ranges, sometimes exceeding 100 decibels. Such tremendous path-to~-path and time
variations must be carefully considered, partic.ularl&r in cases of possible interference between
cow-channel or adjacent-channel systems, 'Included in annex I is & rmethod for obtaining pre-

liminary reference values of transmission loss for a wide range of prediction parameters.

" The detailed point-to-point methods described here depend on propagation path geom-
etry, atmospheric refracti.vity near the surface of the eérth, and specified characteristics of
antenna directivity. They have been tested against measurements in the radio frequency range
40 to 10, 000 MHz (megahertz # megacycles per second). Estimates of attenuation due to ab-
sorption and scattering of radio energy by various constituents of the atmosphere are included
in order to extend the application of the.ae methods to frequencies up to 100 GHz.

Calculations of long-term median reference values of transmission loss are based on
current radio propagation theory. A large sample of radio data was uscd to develop the em-
pirical predictions of regional, seasonal, and diurnal changes in long-term medians., Esti-
mates of long-term fading relative to obsérved medians are given f‘or.several climatic regions
and periodn- of time, 1ncludin§ some regions where few observations are available,

Calculations of tranamission loss for paths within the radio horizon are based on
geometric-bptics ray theory. For paths with a common horizon, Fresnel-Kirchoff knife-edge
diffraction theory is applied aud extended to predict diffraction attenuation over isolated rounded
obstacles. For double horizon paths that extend only slightly beyond the horizon, a modification

of the Van der Pol-Bremmer method for computing field intensity in the far diffraction region is
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used. For longer paths, &xtending well beyond radic horizon, predictions are based on
forward scatter theory, ' Radio data were uised to estimate the efficiency of I'acattering at var-
ious heights in the atmosphére; Where ldm.e‘ doubt exiats as to which propagation mechan-
jsm predomtnate‘s. transmission loss is calculated by two methods and the regults are com-
bined. . o l l _A

Examples showing how to compute transmission l\c\ns's'for a line-of-sight path, an iso-.
lated rounded obutacle," and a long transhor'izon path\ are given following sections 5, 7 and 9
réspeqtively.. Section 12 provides a list of symbols and abbreviations used in the text.
Special symbols used or(xly’ in an annex are deﬁned at the end of the appropriate annex,

Annex I'includes a set of ""standard". curves of basic transmission loss and curves
showing attenuation below free space foii- earth space communications, prepared using the
methods described in the report. Such curves, and the ﬁmedianl' of data shown on figures 1.1
to 1.4, may serve for general qualitative analysis, but clearly do not take account of par-
ticular terrain profiles or climatic effects that may be encountered over a given path.

Annex II supplements the discussion of transmission loss and directive antenna gains
given in section 2. This annex contains a discussion of antenna beam orientation, polariza-
tion, and multipath coupling loss. . o

Annex III contains information required for unusual paths, including exact formulas
for computing line-of-sight tranlmlﬁuion loss with ground reflections, as well as modi,ﬁcs.‘-
tions of the formulas for anteﬁna beams which are elevafed or directed out of the great
circle plane, Analytic expreluiona suitable for use on a digital computer are dlso included

Annex IV reviews tropospheric propagation theory with particular attention to the
mechanisms of forward scatter {rom atmospheric turbulence, from layers, or £rom small
randomly oriented surfaces. Referex.mces.to some of the work in this field are included,

Annex V. presents a discussion of ''phase interference fading" as contrasted to "long-
term power fading", provides a method for computing the probapility of obtaining adequate
service. in the pre-senée of noise and/or interfering lignélu, and includes a brief summary
of ways to achieve optimum use of the radic frequency apectrum,

Previous NBS Technical Notés in thie series, numbered 95 to 103, describe tropo-
spheric propagation phenomena and siting problems [ Kirby, Rice, and Maloney, 1961],
certain meteorological phenomena and their influence on tropospheric propagation [ Dutton,
1961; Dutton and Thayex;, 1961], synoptic radic metesrology [ Bean, Hornm, and Riggs,
1962}, .techniques for measuring the refractive index of the atmosphere [McCavln, 1962},
determination of pystem parameters [ Florman and Tary, 1962}, performance predictions
for communication links [_Barsh. Norton, Rice, and Elder, 1961}, and equipment charac-

teristics [ Barghausen, etal, 1963]..



2. THE CONCEPTS OF SYSTEM LOSS, TRANSMISSION LOSS, PATH ANTENNA GAIN,
AND PATH ANTENNA POWER GAIN

Definitions have been given in CCIR Recommendation 341 for sttem loss, Ls , trans-
tmission loss, 1., propagation loss, .'Lp. basic transmission loss, Lb’ pa_th antenna gain,
Gp, and path antenna power gain Gpp' This section restates some of the definitions, in-
troduces a definition of "path losa', Lo. illustrates the use of these terms and concepts,
and degcribes methods of meagurement [ Norton, 1953, 1959, Wait 1959]. The notation used
here differs slightly from that used in Recommendation 341 and in Report 112 [ CCIR 19632, b].
For the frequéncy range considered in this report system loss, transmission loss, and propa-
gation loss can be considered equal with negligible error in almost all cases, because antenna

gains and antenna circuit resistances are eagentially those encountered in free space.
2.1 Systern L.oss and Transmission Loss

The system loss of a radio circuit consisting of a transmitting antenna, receiving an-
tenna, and the intervening propagation medium is defined as the dimensionless ratio, W't/w;.'
where w;: is the radio frequency power input to the terminals of the transmitting antenna and
w; is the resultant radio frequency signal power available at the terminals of the receiving

antenna, The system loss is usually expreased in decibels:
= ] 1) = W o ]
L, =10 log (w}/w!) = W} - W! db (2.1

Throughout this report logarithrs are to the base 10 unless otherwise stated.

The inclusion of ground and dielectric losses and antenna circuit losses in L’ pro-
vides a quantity which can be directly and accuratély measured. In propagation studies,
however, it 1s convenient to deal with related quantities such as transmission loss and basic
transmission loss which can be derived only from theoretical estimates of radiated power and
available power for various hypothetical situations,

In this report, capital letters are often uged to denote the ratios, expressed in db,

.dbu, or dbw, of the corresponding quantities designated witﬁ lower-case type, For instance,
in (2.1), W;; = 10 log w; in dbw corresponds to w; in watts, .

Transmission loss {s defined as the dimensionless ratio Wt/wa’ where w, is the
total power radiated from the transmitting antenna in a given band of radio frequencies, and
w, is the resultant radio frequency signal power which would be available from an equivalent

logs-free antenna. The transmission logs is usually expresgsed in decibels:
= = - .= - -] 2.2
L = 10 log (wt/wa) wo-w =L -L, -L db _ (2.2)

er

=10 1 , =101 )
Let 10 ogl“ Ler t:»glw (2.3)
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where lllet and l”er as defined in annex II are power radiation and reception
 efficiencies for the transmitting ana receiving antennas, respectively. With the frequencies’

and antenna heights usually considered for tropospheric communication circuits,. these
efficiencies are nearly unity and the difference between Ls and L is negligible, With an-

tennas a fraction of a wavelength above ground, as theéy usually are at lower frequencies, and
especially when horizontal polarization is used, Let apd L“ ‘are not negligible, but are
influenced substantially by the presence of the ground and other nearby portions of the an-
tenna environment,

From trangmitter output to receiver input, the following symbols are used:

Transmitter Power Total Available Power Available Power Available Power
Output Input to  Radiated at Lozs~Free at Actual : at
Power Antenna Power. .. - Receiving Antenna Receiving Antenna Receiver Input

- wH —_ — w - W L e w
wl t - Wt wt a : a ir
A\, “ J: [N v__/ \ - : 4o — 1;\._ — 7
[} N H
) . | L
Lye Let L Ler_ ! ir
: | |
1, -
v f
L
]

It should be noted that th and L!r ére conceptually different. Since W!t and

W‘t représent the power observed at the transmitter and at the transmitting antenna, respec-

tively, L“ includes both transmission line and mismatch losges, Since W'a and WI
. . . T
represent available power at.the receiving antenna and at the receiver, mismatch losses must

be accounted for separately,since L!r includes only the transmissgion line logs between the

antenna and the receiver. Available power and effective loss factors are discussed in annex II, °



2.2 Antenna Directive Gain and Power Gain

© A transmitting antenna has a directive gain gt(?) in the direction of a unit vector f if:
(1) it radiates a total of w, watts through the surface of any large sphere
with the antenna at its center, and ' '
(2) it radiates g,w, /(4w) watts per steradian in the direction 3.
The same antenna has a power gain g;(?) in the direction T if:
(1) the power input to the antenna terminals is w; =4 w , and
- (2). it radiates gé'él(ir) watts per steradian in the direction ¥,

“The antenna power gain g: is amaller than the directive gain g " simply as a result
of the loss factor ‘et . It follows that

c;t(t) e G;(s) L, (2.4a)

expressed in decibels above the gain of an isotropic radiator, Note that the antenna power
gain G;(P) is less than the antenna directive gain Gt(P) by the amount Let dB, where the
power radiation efficiency ll‘et is independent of the direction F.

The gain of an antenna ie the same whether it is used iqr transmitting or receiving.

For a receiving antenna, the directive giin Gr(F) and power gain G;'r(i') are related by

Gf) =G () +L_ . (2. 4b)

The remainder of this report will deal with directive gains, since the power gains
may be determined simply by subtracting Lot or L“ . The maximum value of a directive

gain G(f) is designated simply as G, . As noted in Annex II, it is sometimes useful to divide

‘the directive gain into principal and crou-polarilaﬁon components.
‘An idealired antenna in free space with a half-power semi-beamwidth & expressed

in radians, and with a circular beam cross-section, may be assumed to radiafe x percent
of its power ilétropically through an area equal to w&z on the surface of a large sphere of
unit radius, and to radiate (100-x) percent of its power isotropically through the remainder
of the sphere, In this case the power radiated in the direction of the main beam is equal to
xw I (100w 51) watts per steradian and the maximum gain g is, by definition, equal to
41”:/ (100w 61) One may assume & beam solid angle efficiency x = 56 percent for parabolic
reflectors with 10 db tapered illumination, and obtain g = 2, 24/6 . The maximum free
space gain G indecibels relative to an tsotropic radiator is then '

G=10logg=3.50-201log§ db. (2.5
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If azimuthal and vertical beamwidths )_wa and 4'!5z are different:

e=J'E:az.- ‘ (2.6)

The above analysis is useful in connection with measured antenna radiation patterna.

) For antennas such as horﬂ or parabolic reflectors which have a cleariy definable
physié.al aperture, the concept of antenna aperture efficiency is useful. For example, the
free space maximum gain of a parabolic dish with a 56 percent aperture efficiency and a di-
ameter D is the ratio of 56 percent of its area to the effective absorbing area of an iso-

tropic radiator:

. S | o
Ge 10 1og[°‘5§_"'? "]=zo log D+ 20 Yog £ - 42.10 db  42.7)
A J4n .

where D and ) are in meters and { ig the radio frequency in megahertz, MHz,
Equations (2.5 and (2.7) are useful for determining the gains of actual antennas only when
their beam solid angle efficiencies or apérture efficiencies are known, and these can be de-
termined accurately only by measurerﬁent. ' '

With a dipole feed, for instance, and 10 <D/A < 25. éxperiments have shown the fol-

lowing empirical formula to be superior to (2. 7):

G=23.31log D+23.31leg f-551 db S (2.8)

where D is expressed in meters and { in MHz,

\ Cozzeéns [ 1962] bas published a nomograph for determining paraboloidal maxirmnum
"gain as a function of feed pattern apd angular Aperture. Discussiens of a variety of comrmonly-
used antennas are given in recent books [Jasik, 1961; Thourel, 1960].

Much more is known about the amplitude, phase, and polarization response of avail-
able antéma in the directions of maximum radiation or reception than in other directions.
Most of the theoretical and developmental work has concentrated on minimizing the trans-
migsion loss between antennas and on studies of the response of an arbitrary antenna .to a
standard plane wave, ’An'increasing amount of attentioﬁ, however, is being devoted to maxi-
mizing the transmission loss between antennas in order to reject unwanted signals, For
this purpose it is. important to be able to specify, sometimes in s_tatiétical terms, the
directivity, phase, and polarization response of an a_.nfenna in every direction from which
multipath components of each \m.wanted signal may be expected. A large part of annex If is
devoted to this subject, '

For the frequencies of interest in this report, antenna radiation resistances r, at
any radio frequency v hertz are usually assumed independent of their environment, or
else the immediate environment is considered part of the antenna, as in the case of an
antenna mounted on an airplane or space vehicle.
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2.3 Polarization Coupling lL.oss and Multipath Coupling Loss

It is sometimes necessary to minimize the response of a receiving antenna to un-
wanted signale from a single source by way of different paths. This requires attention
to the arnplitudes, polarizations, and relative phases of a number of waves arriving
from different directions. In any theoretical model, the phages of principal and cross-~
polarization components of each wave., as well as the relative phase response of the re-
ceiving antenna to each componeﬁt, must be conlﬁered. Complex vbltages are added
at the antenna terminals to make proper allowance for this amplitude and phase infor-
mation.

In annex II it is shown how complex vectors E and :e—-r may be used to represgent
transmitting and receiving antenna radiation and reception patterns which will contain
amplitude, polarization, and phase information [ Kales, 1951] for a given free-space
wavelength, A, A bar is used under the symbol for a coinplex vector E=_e'p + i?c,
where i= AT and :p' 'e_c are real vectors which may be associated with principal and
cross-polarized components of a uniform elliptically polarized plane wave,

Calculating the power transfer between two antennas in free space, complex polari-
zation vectors. p(f) and Er(—f) are determined for each antenna as if it were the trans-
mitter and the other were the receiver., Each antenna must be in the far field or radiation
field of the other, The sense of polarization of the field E is right-handed or left-h anded

depending on whether the axial ratio of the polarization ellipse, L is positive or negative:

a = ec/ep. : (2.9)

The polarization is circular if |ep|' = |e | andlinear if e =0, where e = ?pép is in
the principal polarization direction defined by the unit vector GP . ‘The polarization coupling

loss in free space is
L _=-101cg |p- B2 db. (2. 10)
cp N 2R .

In terms of the axial ratios a and. ‘x.r defined by (II. 48) and (IL. 50) and the acute angle
_ lIJP between principal polarization vectors ?p and :pr , thé corresponding polarizgation
efficiency may be written as

2 . 2 L2 2

+
L2 cos% ¢p(axaxr+l) + sin lbp (ax a )
LE",B:I =

Xr

N * (2.1
(a + la, +1) \

This is t' - same as ‘II. 62), Aonex II explains how these definitions and relationships are
extended to the general case where antennas are not in free space.

There is a maxirmum transfer of power between two antennas if the polarigation el-
lipse of the receiving antenna has the Inme.lenle. eccentricity, and principal polariza-
tion direction as the polarigation ellipse of the incident radio wave. The receiving an-

tenna is completely "blind" to the im_:.ide'nt wave if the sense of polarization is opposite,
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the eccentricity is the same, and the principal polarigzation direction is orthogonal to that of
the lncldqnf wave. In theory this situation woul& result in the complete rejection of an un-
wnhted signal propagating in a direction -f. Smnall values of g, (~f) could at the same time
discriminate against unwanted signals coming from other dluctionl _

When more than one plane wave is incident upon a recelving antenna from a llngle _
source, there may be a "multipath coupling loss" which i_nclude_l beam orientation, polnrlln-
tion coupllng, and phase mismatch losses. A statistical average of phase incoherence ef- -
fects, such as that described in subsection 9:4, is called iantenna-to~medivm coupling loss, "
Multipath coupling loss is the same as the ;'lou in path antenna gain, v Lg.p.'. defined in the
next subsection. Precise .expreuimu fo? I"'gp mgy also be derived from the relationships ‘

in annex II.
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2.4 Path Loss, Basic Transmission Loss, Path Antenna Gain, and Attenuation Relative to
Free Space
Recorded values of trangmission loss are often normalized to ""path loss" by adding the

surn of the maximum free gpace gains of the antennas, Cit + Gr , to the transmission loss, L.

Path loss iz defined as

L =2=L+G +G_ db, (2.12)
o t_ 4

Basic transmission loss, Lb' is the system loss for a situation where the actual an-

tennas are replaced at the same locations by hypothetical antennag which are;
(1) Isotropic, so that G(f) =0 db and G (-f) = 0 db for all important propaga-
tion directions, r. )
(2) Loss-free, sothat L_ = 0db and L_ =0 db.
(3) Free of polarization and multipath coupling loas, so that ch = 0 db,
If the maximum antenna gains are realized, I"o = Lb'

Corresponding to this lamg situation, 'the path antenna gain, Gp. is defined as the .
change in the transmission logs if hypothetical logs-free isotropic antennas with no multi-
path coupling loss were used at the same locations as the actual antennas. Assumptions used
in egtimating GP should always be carefully stated. :

Replace both antennas by loss-free isotropic antennas at the same locations, with no
coupling loss between them and haviﬁg the same radiation resistances as the actual antennas,
and let wab represent the resulting available power at the terminals of the hypothetical iso~

tropic receélving antenna. Then the basic transmission loss Lb’ the path antenna gain Gp,

and the path antenna power gain Gpp , are given by

Lb*wt-wab=L+Gp db (2.13)
GP = Wa - Wab = Lb -L db (2. 14a)
= '. - = -
GPP W. W.ab Lb . L' db (2. 14h)

where Wt. Wa, W; and I.. are defined in section 2.1,

In free spﬁce. for instance:

’ ~ e . A \
W =W +G(H+G (- - ch + 20 log (4“-} dbw (2. 15a)
A

W, =W, +20 log <4"> dbw. (2. 15b)

A special symbol, Lb!' is used to denote the corresponding basic transmisgsion loss in free
space:

A 4w - I .
Lo¢= 20 log (—=)=32.45+ 20 log f+ 20 log r db (2.16)



where the antenna ieparatlon r is expressed in kilometers and the free space wavelength N
equals 0,2997925/f kilometers for a radio frequency f in megaherts.

When low gain antennas are used, as on aircxait,' the frequency depeéndence in (2, 16)
indicates that the gervice range for UHF equipment can be made equal to that in the VHF
band only by ueing additional power in diréct proportion to the square of the frequency. Fixed
point-to-point communications links usually employ high-gain antennas at each terminal, and
for a given antenna size more gain is realized at UHF that at VHF, thus more than com-

- pensating for the additional free spice loss at UHF indicated in (2. 16).
Comparing (2. 13), (2. 14), and (2.156), it is seen that the path antenna gain in free

space, pr. is

Gpg™ O + Gyl-) - L db, (2.17)

For most wanted propagation paths, this is well approximated by Gt + Gr , the sum of the
maximum antenns gains., For unwanted propagation paths itis often desirable to minimige
pr. Thi®s can be achieved not only by rfxl_king Gt(’i-‘) and Gr(-i") amall, but also by using

different polarizations for receiving and transmitting antennas so as to maximize ch.

In free space the transmission loss is

L=1,,-G, db. (2.18)

The concepts of basic trangmission loss and path antenna gain are also useful for normaliging
the results of propagation studies for paths which are _x}Pl: in free gpace, Defining an Yequiva-

lent free-space transmission loss', L, as
L =L -G, (2.19)

note that Gp in (2.19) is not equal to Gt + Gr unless this is true for the actual propagation
path. Itis often convenient to investigate the "attenuation relative to iree space', A, or
the bagic transmission loss relative to that in free space, defined here as

A=L -L . =L-L, db (2. 20)

This definition, with (2. 19), makes A independent of the path antenna gain, GP . Where
terrain has little effect on line-of-sight propagation, it is sometimes desirable to study A
rather than the transmission loss, L.

Althougn Gp varies with time, ‘it is customary to gsupprees this variation { Hartman,
1963] and to estimate Gp as the difference between long-term median values of L‘b and
L.

Maultipath coupling loss, or the '"loss in path antenna gai.n'.', I."gp' is defined as the

difference betweeén path loss Lo and basic transmission loss Lb:



L= Ly-1,=G, 4G, -G, db . (2.21)

The loas in path antenna gain will therefore, in general, include components of beam orienta-
tic;n loss and polarization coupling loss as well as any aperture-to~medium coupling loss fhat
may result from lcl;‘.tering by the tréposphere, by rough or irregular terrain, or by terrain
clutter such as vegetation, bulldinge, bridges, or power lines,

The relationships between transmission loss, propagation logs and field strength are dis-

cussed in annex II,



3. ATMOSPHERIC ABSORPTION

At frequencies above 2 GHz attenuation of radio waves due to absorption or scatter-
ing by constituents of the atmosphere, and by particles in the atmosphere, may seriously
affect microwave relay links, communication via satellites, and radio and radar astronomy.
At frequencies below 1 GHz the total radio wave absorption by oxygen and water vapor for
propagation paths of 1000 kilometers or less wﬂf\i not exceed 2 decibels. Absorption by
rainfall beging to be barely noticeable it frequenciss from 2 to 3 GHz, but may be quite
appreciable at higher frequencies. '

For frequencies up to 100 GHz, and for both optical and transhorizon paths, this
section provides estimates of the long-term median attenuation A, of radio waves by oxygen
and water vapor, the attenuation Ar due to rainfall, and the order of magnitude of absorp-
tion by clouds of a given water content. The estimates are based on work reported by
Artman and Gordon [ 1954], Bean and Abbott [ 1957 ], Bussey [ 1950 ], Crawford and Hogg
[1956 ], Guon and East [ 1954], Hathawa.yl and Evans [1959 ], Hogg and Mumford [ 19601.
Hogg and Semplak [ 1961], Lane and Saxton [ 1952], Laws and Parsons [ 1943 ], Perlat and
Voge [1953], Straiton and Tolbert [ 1960], Tolbert and Straiton [ 1957 ], and Van Vieck
[1947a, b; 1951 ].

3.1 Absorption by Water Vapor and Oxygen

- Water vapor absorption has a resonant peak at a frequency of 22.23 GHz, and oxygen
absorption peaks at a number of frequencies from 53 to 66 GHz and at 120 GHz, Figure
3.1, derived from a critical appraisal of the above references, shows the differential absorp-
tion Yoo and Ywo in decibels per kilometer for both oxygen and water vapor, as deterw.
mined for standard conditions of temperature and pressure and for a surface value of
absolute humidity equal to 10 grams per cubic meter. These values are consistent with
these prepared for the Xth Plenary Assembly of the CCIR by U, S, Study Group IV [ 1963d]
except that the water vapor density is there taken to be 7.5 glm3. For the range of absolute
hui'nidi_ty likely to occur in the atmosphere, the water vapor absorption in db/km is approx-
imately proportional to the water vapor density.

The. total atmospheric absorption Aa decibels for a path of length r, kilometers

is commonly expressed in one of two ways, either as the integral of the differential absorp-

tion y(r) dr:

T

e
A= So yir) dr db (3.1)

or in terms of an absorption coefficient I'(r) expressed in reciprocal kilometers:

To

o :
A = =10 log exp [-S I"(r) dr_"*—' 4,343 S I'(r) dr db. (3.2)
a . Yo - 0



The argument of the logarithm in (3.2) is the amount of radiowave energy that is not absorbed

in traversing the path.

The total gaseous absorption A over a line-of-sight path of length T kilometers is

o
Aa = S dr [yo(h) + yw(h)] db (3.3)
: 0
where h' is the height above sea level at a distance 'r from the lower terminal, measured
along a ray path between terminals., For radar returns, the total abgorption is ZA db,
Considering oxygen absorption and water vapor absorption geparately, (3.3) may be

written

AaT Yoofes " Yo ew db 3.4

where L and T o Ore effective distances obtained by integrating YOIYOO and Yw/on
over the ray path, )

The effective distances o and Tow 2T plotted versus r . and frequency for ele-
vation angles Bo =0, 0.01, 0.02, 0,05, 0,1, 0.2, 0,5,.1, and v/2 radians in figures 3,2.3, 4,
Figure 3.5 shows the relationship between LI and the sea level arc distance, d, for these’
values of 9 .

A may be estimated from figures 1. 21 to I, 26 of arnex I, where attenuation relatwe :
t.o free space, A, is plotted versus f, eo,‘ and L ignoring effects of diffraction by terrain,

For nonoptical pathsl, the ray from each antenna to its horizon makes an angle eot
or eor with the horizontal at the horizon, as illustrated in figure 6,1 of section 6, The
horizon rays intersect at distances dl and d2 from the transmitting and receiving terminals,

The total absorption Aa is the sum of values Aat and Aa1

(3.5)
where -Aat = Aa (f, Bot' dl)f Aar = Aa (f, eor' dZ).

For propagation over a smooth earth, I eor =0, and ALF Z.A_a (£, 0, d/2). For trans-

horizon paths and the frequency range 0,1 ~ 10 GHz, figure 3.6 shows Aa plotted versus

distance over a smooth earth between 10 meter antenna heights,



3.2 5ky-Noise Temperature
The nonionized atmosphere is a source of radio noise, with the same properties as a
reradiator that it has ae an absorber, The effective sky-noise temperatu.re Ts may be d.e-
termined by integrating the gag temperature T multiplied by the differential fraction of re-

radiated power that is not absorbed in passing through the atmosphere to the antenna:

e |

£3
T(r)I'(r) exp [-S T(rY) dr'J dr (3.6)
0

0

where the absorption coefficient I'(r) in reciprocal kilometers is defined by (3.2} For in-

stance, assuming

T(r)

(288 - 6.5h)°K for h = 12 km,
and

210°K for h =12 km,

T(r)

H

figure 3,7 shows the sky-noise temperature due to oxygen and water vapor for various angles
of elevation and for frequencies between 0,1 and 100 GHaz,
In estimating antenna temperatures, the antenna pattern and radiation from the earth's

surface must also be considered.
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3.3 Attenuation by Rain,

The attenuation of radic waves by suspended water droplets and rain often exceeds
the combined oxygen and water vapor absérption. Water droplets in fog or rain will scatter
radio waves in all directions whether the drops are small compared to the wavelength or
comparable to the wavelength, In the latter case, raindrops trap and absorb some of the
radio wave energy; accordingly, rain attenuation is much more serious at millimeter wave-
lengths than at centimeter wavelengths.

In practice it has been convenient to express rain attenuation as a function of the pre-
cipitation rate Rr which depends on both the liquid water content and the fall velocity of
the drops, the latter in turn depending on the size of the drops. There is little evidence:
that rain with a known rate of fall has a unique drop-size distribution, and the problem of
estimating the attenuation of radio waves by the various forms of precipitation is quite
difficult, _ '

Total absorption Ar due to rainfall over a path of lenéth r can be estimated by
integrating the differential rain absorption Y, {r)}dr along the direct path between two inter-

visible antennas, or along horizon rays in the case of transhorizon propagation:

r

©
A = S y.(r)dr decibels. 3.7
T o T )

Fitting an arbitrary mathematical function empirically to theoretical results given by

Hathaway and Evans [1959] and Ryde and Ryde [1945], the rate of absorption by rain Yy -fnay

be expressed in terms of the rainfall rate R_ in millimeters per hour as

Y, = KR] db/km (3.9

for frequencies above 2 GHz. The functions K(f G) and oa(f G) are plotted in figures 3.8
and 3,9, where fG -is the radio frequency in GHz,

2 .
K=[3(fc-;) - 2(i;-2)] x 10 4 (3.92)

N ‘ .
= 3 2
a=[1.14 - 0.07(£G- 211+ O'OGS_GG' 3,5) exp(-0.006 fG)]. {3.9b)
An examination of the variation of rainfall rate with height suggests a relation of fha

form

R,/R = exp(-0.2 %) (3. 10)
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where R.“ is the surface rainfall rate, Then

r = Yeg rer db, (3.11)
r
a ° 2
Ypg = KRrs db/km, Ty S‘o drexp(-0.2 ah’) km (3.12)

where Yoo is the surface value of the rate of absorption by rain, and Tor is an "effective
rainbearing distance", Figures 3,10.3,13 show rer versus ro for several values of 90
and @. The curves shown were computed using (3.12).

A '"standard" long-term cumulative distribution of rain absorption is estimated,
uai.ng_uo'me statistics from Ohioc analyzed by Bussey [1950], who relates the cumulative dis-
tribution of instantaneous path average rainfall rates for 25, 50, and 100-kilometer paths,
respectively, with the cumnulative distributions for a single rain gauge of half-hour, one-hour,
and h-#o-hour mean rainfall rates, recorded for a year., The total annual rainfall in Ohio is
about 110 centimeters.

Rainfall statistics vary considerably from region to region, sometimes from year
to year, and often with the direction of a path (with or across prevailing winds), For instance,
in North America, east-west systems seem particularly vulnerable, as they lie along the
path of frequent heavy showers,

For very long paths, the cumulative distribution of instantaneous path average rain-
fal} ratea, 'ﬁ'r,' depeﬁda on how Rr varies with elevation above the surface and upon the cor-
relation of rainfall with distance along the path, Figure 3,14 provides estimates of the
instantaneous path average rainfall rate Er exceeded for 0.01, 0,1, 1, and 5 percent of the
year as a function of r and normalized to a total annual rainfall of 100 cn, To obtain Ar
from (3,11),replace Rra in (3.12)with Rr from figure 3,14, multiplied by the ratio of the

total annual rainfall and 100 cm, These estimates are an extrapolation of the results given

by Bussey [1950] and are intended to allow for the average variation of Rr with height, as
given by (3, 10)and allowed for in the definition of Tor? and for the correlation of surface rain-

fall rate R" with distance along the surface, as analyzed by Bussey.



3.4 Attenuation in Clouds

Cloud droplets are regarded here as those water or ice particles having radii smaller
than 100 microns or 0,01 cm, Although a rigorous approachto the problem of attenuatipn by
clouds must consider drop-size distribution, it is more practical to speak of the water content
of clouds rather than the drop-size distribution, Reliable r_neasureme‘nts of both parameters
are scarce, but it is pqssible\. to make reasonable estimates of the water content,. M, ofa
cloud from a knowledge of the vertical extent of the cloud and the gradients of pressure,
temperature, and mixing ratio, which is the ratio of the mass of water vapor to the mass

of dry air in which it is mixed, The absorption within a cloud can be written as

A =K M db (3.13)

where Ac' is the total absorption attenuation within the cloud, Kl is an attenuation coefficient,
values for which are given in table 3,1, and M 'is the liquid water content of the cloud,
measured in grams per cubic'meter. The amount of precipitable water, M, in a given
pressure layer can be obtained by evaluating the average mixing ratio in the layer, multiplying
by the pressure difference, and dividing by the gravity, Using this method of obtaining M

and the values of K. from table 3,1, it is possible to get a fairly reliable estimate of the

absorption of radio lenergy by a cloud,

Several important facts are demonstrated by table 3,1. The increase in attenuation
with increasing frequency is clearly shown, The values change by about an order of magnitude
from 10 to 30 GHz. Cloud attenuation can be safely neglected below 6 GHz, The data
presented here also show that attenuation increases with decreasing temperature, These
relations are a reflection of the dependence of the refractive index on both wavelength and
temperature. The different dielectric properties of water and ice are illustrated by the

difference in attenuation, Ice clouds give attenuvations about two orders of magnitude smaller

than water clouds of the same water content,

TABLE 3.1
One-Way Attenuation Coefficient, K, in db/km/gm/m>
Temperature
(°C) Frequency, GHz,
33 24 17 9.4
Water 20 0,647 0, 311 0.128 0. 0483
10 0, 681 0. 406 0.179 . 0.0630
Cloud { 0 0.99 0, 532 0. 267 0. 0858
-8 1, 25 0. 684 0. 34 -0, 112
(extrapolated) (extrapolated)
: -3 -3 ' -3 -3
Ice 0 8.74% 10 6.35% 1077 4,36 X 10 2.46 X 10
closa [ 710 2.93x10°°  2,11x 107> 1.46 % 1077 8,19 x 1074
1.20 2.0 x10°3  1asx 10”3 1.0 x 107> 5.63%x 1072
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DIFFERENTIAL ABSCRPTION 7 'IN DECIBELS PER KILOMETER

SURFACE VALUES Yoo AND 7Ywe OF ABSORPTION
BY OXYGEN AND WATER VAPOR
PRESSURE 760mmHg
TEMPERATURE 20°C
WATER VAPOR DENSITY 10g/m3
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4. DETERMINATION OF AN EFFECTIVE EARTH'S RADIUS

- The bending of a radio ray as it passes through the atmosphere is largely determined
by the gradient of the refractive index near the earth's surface. In order to represent radio
rays as straight lines, at least within the first kilometer above the surface, an "effective
earth's radius'" is defined as a function of the refractivity gradient, AN, or of the surface
refractivity value Ns’

N_=(n_- 1) x 10° (4.1)

where n, is the atmospheric refractive index at the surface of the earth,
In the United States the following empirical relationship has been established batween

the mean Ns and the mean refractivity gradient AN in the first kilometer above the surface:
AN/km = 7,32 exp(0.005577 Ns)' (4.2)

Similar values have been established in West Germ.any and in the United Kingdom [CCIR '1963 e].
In this paper values of NS are used to characterize average atmospheric conditions

during periods of minimum field strength. In the northern temperate zone, field strengths

and values of N,5 reach minimum values during winter afternoons, Throughout the world,

regional changes in expected values of transmisseion loss depend on minimum monthly mean

values of a related quantity, No' which represents surface refractivity reduced to sea level:
-Ns = Noexp(-o. 1057 hs) (4.3)

where hs is the elevation-of the surface above mean sea level, in kilometers, and the
refractivity No is read from the map shown in figure 4,1 and taken from Bean, Horn, and
Ozanich [ 1960].

‘Most of the refraction of a radio ray takes place at low elevé.tions, so it is appropriate
to determine No and h! for locations cbrresponding to the lowest elevation of the radio rays
most important to the geometry of a propagation path, As a practical matter for within-the-
horizon paths, hs is defined as the ground elevaﬁon immediately below the lower antenna
terminal, a‘pd No is determined it the same location. For beyond-the-horizon paths, hs
and -_No are determined at the radio horizons along the great circle path between the antennas,
and N’ is the average of the two values calculated from (4,3). An exception. to this latter
rule occurs if an antenna is .more than 150 meters below its radio horizon; in such a case,
hs and No should be determined at the antenna location.

The effective earth's radius, a, is given by the following expression:

a=a [1~0.04665 exp(0,005577 N!)]'l {4.4)

4-1



where a is the actual radius of the earth, and is taken to be 6370 kilometers, Figure .2
shows the effective earth's radius, a, plotted versus Ns' The total bending of a radio ray
which is elevated more than 0, 785 radians (45°) above the horizon and which pagses all the
way through the earth's atmosphere is less than half a milliradian. For studies of earth-
~ satellite communication ray bending is important at'low angles, At higher angles it may often
be neglected and the actual earth's radius is then u.sed in geometrical calculations,

Large values of AN a{{d Ns are often associated with atmospheric ducting, which -
is usually important for part of the time over most paths, especially in maritime climates.
The average occurrence of strong layer reflections, superrefraction, ducting, and other
focusing and defocusing effects of the atmoséhera is taken into account in the empirical time
variability functions to be discussed in'sectiéon 10. Additional material on ducting will be
{found in papers by Anderson and Gossard [ 1953a, b}, Bean [ 1959], Booker [ 1946], Booker
and Walkinshaw [ 1946], Clémow and Bruce-Clayton [ 1963], Dutton | 1961}, Fok, Vainshtein,
and Belkina [1958]), Friend { 1945], Hay and Unwin [ 1952], Ikégami [1959], Kitchen, Joy,
and Richards [ 1958], Nomura and Takaku [1955], Onoe and Nishikori [1957], Pekeris { 1947],
Schiinemarin [ 1957}, and Unwin | 19531 .
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EFFECTIVE EARTH'S RADIUS, a, IN KiLOMETERS
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5. TRANSMISSION LOSS PREDICTION METHODS FOR WITHIN-THE-HORIZON PATHS

Ground wave propagation over a smooth spherical earth of uniform ground conductivity
and dielectric constant, and with a homogeneéous atmosphere, has been studied extensively,
Some of the results were presented in CCIR Atlasen [ 1955, '1959]. Recent work by Bachynski
[1959, 1960, 1963], Wait [1963], Furutsu [1963), and others considers irregularities of
electrical ground constants and of terrain, A dhth_xction 1s made here between the roughness
of terrain which determines the proportion between apecﬁlar and diffuse reflection of radio
wavei. and large scale {rregularities whose ﬁeuge effect is accounted for by fitting a strajght
line or curve to the terrain,

A comprehengive discussion of the scattering of electromagnetic waves from rough
surfaces is given in a recent book by Beckmann and Spizzichino [ 1963]. Studies of reflection
from irregular terrain as well as absorption, diffraction, and scattering by trees, hills, and
man-made obatacles have been made by Beckmann [ 1957], Biot [ 1957 a, b], Kalinin [ 1957,
1958], Kihn [1958], McGavin and Maloney [ 1959], McPetrie and Ford [ 1946], McPetrie
and Saxton [ 1942], Saxton and Lane [ 1955], Sherwood and Ginzton [ 1955], and many other
workers, Examples of studies of reflection from an ocean surface may be found in papers by
Beard, Katz and Spetner [ 1956], and Beard [1961].

A semi-empirical method for predicting transmission losa for within-the-horizon paths
is given in annex I. ‘

Reflections from hillsides or obstacles off the great circle path between two antennas
u.ometimn contribute a significant amount to the received signal.. Discrimination against
such off-path reflections may reduce multipath fading problems, or in other cases anterina
beams may be directed away from the great circle path in order to increase the signal level
by taking advantage of off-path reilﬁction or knife-edge diffraction. For short periods of
time, over some paths, atmospheric focusing or defocusing will lead to somewhat smaller or
much greater values of line~of-sight attenuation than the long-term median values predicted
for the average path by the methodl'_ of this section,

If two antennas #re intervisible over the effective earth defined in section 4, ray optice

may be used to estimate the attenuation A relative to free space, provided that the great

circle path terrain visible to both antennas will support a substantial amount of reflection and

that it is reasonable to fit a straight line or a convex curve of radius a to this portion of the

.terrain,
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5,1 Line-of-Sight Propagation Over Irregullr ‘Terrain

Where ray opti.c' formulas, delcribed in lection $.2, are not applicable a satisfactory
estimate of llne-oi-nlght tranumiuion lou may sometimes be made by one of the following
methods:

1. If a slight change in the position of either antenna results in a uituation where ray
'optlcs formulas may be used, then A may be estimated by extrapolation or interpolation,

2. Instead of a ling\le curve fit to terrain al‘in_5. 2 the method may, in some cases, be
extended to multiple curve fits and mulﬂplé reflections from these curves,

\ 3. If terrain is so ﬁregular it cannot be reasonably well approximated by a single curve,
the line-of-sight knife-edge forinulas of section 7 may be appiicnble.

4, Interpolation between curves in an at}l#l. or standard propagation curves such as
those given in appendix I, may provide a -aunfactory estimate, A useful set of calculations
for =0 is given by Domb and Pryce [ 1947].

5. Empirical curves drawn through data appropriate for the problerh of interest may
be useful, For example, the dashed curves of figures I, 1-1.3 show how values of attenua.
ﬁon relative to free space vary with distance and frequency for a large sample of recordings
of television signals over random p&ﬂll. The data shown in figures 1.1-1 4 correspond to
a more careful selection of receiving locatlo.nu and to a. greater variety of terrain and cH-

matic conditions,
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5,2 Line~of-Sight Propagation Over i Smooth or Uniformly Rough Spherical Earth

The simplest ray optica formulas assume that the field at a receiving antenna is made
up to two compenents, one associated with a direct ray having a path length o and the other
associated with a ray reflected from a point on the surface, with equal grazing angles . The
reflected ray has a path length Ty + r,. The field arrivfng at the receiver via the direct ray
differs from the field arriving via the reflected ray by a phase angle which is a function of the
path length difference, Ar = T + Ty= ¥ illustrated in figure 5.1. The reflected ray field
is also modified by an effective reflection coefficient Re and associated phase lag (v - ¢},
which depend on the conductivity, permittivity, roughness, and curvature of the reflecting
surface, as well as u]ﬁon the ratio of the products of antenna gain patterns in the directions of
direct and reflected ray paths.

Let g and g . repregent the directive gain for each antenna in the direction of
the other, aosllumlng :r:tenna_polarlzations to be matched. Similar factors grl and g, are
defined for each antenna in the direction of the point of ground reflection, The effective re-
flection coefficlent Re is then
4

gr: grz

R, =nn( (5.1)

0] 02
where the divergence factor D allows for the divergence of energy reflected from a curved
surface, and may be approximated as

D=11¢+ (5.2)

2d,d, ]-‘/z
adtany
A more exact expression for the divergence fa;ctor. D, .based on geometric optics was derived
by Riblet and Barker[1948]. The term R répresents the magnitude of the theoretical coef- -
ficient, R exp|«i{r -<¢)], for reflection of a plane wave from a smooth plane surface of a given
_conductivify and dielectric constant., In most cases ¢ may be set equal to zero and R is very
neariy unity, . A notable exception for vertical polarization over sea water is discussed in annex
I, Values of R and c'vs  are shown on figures III. 1 to IIL. 8 for both vertical and hori«
zontal polarization over good, avérage, and poor ground, and over sea water.

The. graging angle _am_i the other geometrical parameters d, dl, dZ' and a are shown
on figure 5,1. The terrain roughness factor, T defined in section 5.2, 2, and the radio
wave length, A, are expreg,ed in the same units, The exponent (c:rh sin ) /N is Rayleigh's

criterion of roughnesas.



If the product DR exp(-0,6 o'l; #in y/A) 1s lean than ~ain'§, and is less than '0..5,

ground reflection may be assumed to be entirely diffuse and R' is then expressed as

1
gngra g
Rg = ———l ging {5.3)
”o,gm

where terrain factors D, R . and o are ignored. The factor. ‘r;grz/gox 8o in-(S. 3) makes

. h
Re approach zero when narrow-beam antennas are used to discriminate against ground re-
flections.

For a single ground reflection, the attenuation relative to iree space may be obtained

from the general formula

2 2wAr . )
A=-10 log {gmgu[l +R - 2R, cos( e c}]} +G + A db (5.4)

where the path antenna gain Gl‘) tay not be equal to the sum of the maximum antenna gains.
Losses Aa due to atmospheric abaorption.' given by (3. 4), may be important at frequencies

"above 1 GHz, The basic trinlnﬂuion loss Lb is

L, = 32.45+ 20 log f + 20 log r +'A. (5.5
Over a smooth perfectly-conducting surface, Re =1 and ¢ =0, Assuming also that
free space antenna gains are realized, so that Gp = 10 log(g g )., the attenuation relative
[} '
to free space is

A= - b - 101og sin’ (v Ar/A) db, (5. ¢

Exact formulas for computing Ar are given in annex III.. The appropriate approximations

glven in (5.9) to (5.13) suffice for most practical applications. If Ar is less than 0.12),

(5.4) may underestimate the attenuatioﬁ and one of the methods of section 5.1 should be used,
Section 5,2.1 shows how to define antenna heights hi'l and h'z above a plane

earth, or above a plane tangent to the earth at the point of reflection, The grazing angle

im then defined by
= .h' = ht 5,
tan W lldl l'Az/dz (5.7

where heights and distances are in kilometers and c-.l1 and dz are distances from each_ an-

tenna to the point of specular reflection:



- ™ T -1
=d, 4 =dl+my/R)T, 4, =d(l 4R /by (5.8a)

t'l1 + dz
The distances dl and t'l2 may be approximated for a spherical earth by substituting antenna
heights h1 and hZ above the earth for the heights h'1 and h:.,- in (5.8a). Then these heights
may be calculated as
\ 2 . L2
h'l =h - dll(Za), hi =z h, - .dz/(Za) (5.8b)

1 2 2

for an earth of effective radius a, and substituted in (5.8a) to obtain improved estimates of
t:l1 and dz . Iterating between (5, 8a) and (5.8b), any desired degree of accuracy may be
obtai ned, _

The path length difference between direct and ground \reﬂected rays is

‘ 2 2 2
Ar = Jd2+<h'1 +h'z> - .\I d +<h'l -h‘2> o Zh'lh:.,_/d (5.9)

where the.approximation in (5.9) is valid for small grazing angles.

Referring to (5.5) the greatest distance, do. for which A is zero, (assuming that
Re = 1 and that free space gains are realized) occure when Ar = A/6., From (5.9)
Ar 2R\ hY/d; therefore:

= 12 h' B
do 12 hlhzlk. (5.10a)

This equation may be solved graphically, or by iteration, choosing a series of values for do.
solving (5.8) for h'!, h‘z. and testing the equality in (5. 10a),
For the special case of equal antenna heights over a spherical earth of radius a, the

d_!stance do may be obtained as follows:

cam e 2 2, 1% 2 ‘
Ar = 7/6 = -5;- [h - do I(aa)] =2h /dD -.thI(Za) + d°3/(32 az) (5.100)

where

' 2z
¢:l1 = dz =d/2, h1 = hZ =h,  and b' =ha do/(Ba).
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For this special case where 1_:1 = hz over a smooth spherical earth of radius a,- the

angle | may be defined as

tan § = Z h/d - d/(4a) (5.11s)
and

Ar:d(sectp—l)-_;d!— le+tan2¢-1 . _
N (5. 11b)

Let eh represent the angle of elevation of the direct ray r_ relative to the horizontal
' 2
at the lower antenna, 1-11 , assume that h1 << h,, h1 << 9ay /2, and that the grazing angle;.

y, is small; then, over a spherical earth of effective radius a,

Ar = 2h sinp H[Jeh‘7‘+4h1/(3a)+eh] (5.12)

whether 6, is positive or negative, ¥or 8, = 0, dl =2 h1/(3¢) .

Two very useful approximations for A&r are

Ar = 2 qaz dldzld ot 2h, sin ¥ kilometers

1 (5.13)
and the corresponding expressions for the path length difference in electrical radians and in

electrical degrees are

1 .2 :
2uAr/\ = 41,917 £ hlh‘zld = 41,9171 ¢ dldzld = 42 f hlsin\IJ radians (5. 14a)

360Ar [\ = 2401,7 £ h'lh'zld = 2401,7 £ \pz dldzld @ 2402 £h siny degrees (5. 14b)

where { is the radio frequency in MHz "and all heights and distances are in kilometers,
The lagt approximation in (5.13) should be used only if h1 is small and less than _h2/20 .
as it involves neglecting di/(Za) relative to h1 in (5.8) and assuming that dZ 2= d,

As noted following (5, 5), ray optics formulas are limited to grazing angles such that
Ar > 0,06\, With this criterion, and assuming Re =1, the fattenuation A is 15 48 for

the corresponding minimum grazing angle

me = 0,03 M dl(dldz) radians

where antennas are barely intervisible. A comparison with the CCIR Atlas of smooth-earth
diffraction curves snows that the attenuation relative to free space varies from 10 to 20

decibels for a zero angular-distance (8 =0, Yy = 0) except for extremely low antennas.
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Figure 5.1a shows how rays will bend above an earth of actual radius a = 6370 kilo-
meters, while figure 5. 1b shows the same rays drawn ag straight lines above an earth of ef-
fective radius a, Antenna heights above gsea level, h“ and h“ » are usually glightly greater
than the effective antenna heights h‘l and h'2 , defined in 5.2,1., This difference arises from
two circumstances: the smooth curve may be a curve-fit to the terrain instead of'represen!:ing
sea level, and straight rays above an effective earth overestimate the ray bending at high ele-

vations, This latter correction is insignificant unless d is large,
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5.2,1 A Curve-Fit to Terrain
A smiocoth curve is fitted to terrain visible from both antennas. It is used to define an-
tenna heights h‘l and h'2 , as well as to determine a singlé reflection point where the angie
of incidence of a ray r , infigure 5.1. This
curve is also required to obtain the deviation, Tyt of terrain heights used in computing Re
in (5.1). Experience has shown that both h‘1 and bl should exceed 0,16\ for the

2 .
following formulas to be applicable. . One of the prediction methods listed in subsection 5.1 may

is equal to the angle of reflection of a ray r

bé used where these formulas do not apply.

First, 4 straight line is fitted by least squares to equidistant heightl i(xi) above gea
level, and x I(Za) is then subtracted to allow for the sea level curvature 1/a illustrated in
figure 6. 4. The following equation describes a straight line h(x) fitted to 21 equidistant
values of h( ) for terrain between x = x and x = x kilometers from the transmitting

i 0 i 20

antenna. The pointa ) and %50 are chosen to exclude terrain adjacent to either antenna

which is not visible from the other:

h(x) = & + m(x - %) (5. 152)
20 : 2 z by(i-10)
= 1 — X tE, 5. 15b
h—*z-i-z h , X T g, me —29 . ( )
7750 = Xo)

Smooth modified terrain values given by
2 .
y(x) = h{x) - x"/(2a) {5. 16)

will then define a curve of radius a which is extrapolated to include all values of x from
x=0 to x=d, the positions of the antennas.

The heights of the antennag above this curve are
o= - b -
hl. tu . h(0), h2 h” h(d) (5.17)

If h‘l or 11'Z is greater than one kilometer, a correction'term, Ah, defined by (6. 12)
and shown on figure 6.7 is used to reduce the value given by (5. 17).

Where terrain is so irregular that it cannot be reasonably well approximated by a
single curve, CTh is large and Re = 0, not because the terrain is very rough, but because.

it is irregular. In such a situation, method 3 of section 5. 1 may be ugeful.



5.2.2 The terrain roughness factor, o

‘the terrain roughress factor ¢, 1in (5.1) is the root-mean-square deviation of modified

h
terrain elevations, ¥y relative to the amooth curve defined by (5. 16), within the limits of the
first Fresnel zone in the horizontal reflecting plane, The outline of a first Fresnel zone el-
lipse is determined by the condition that:

r11+r21=r1+}'z+kll

where r is the length of a ray path corresponding to reflection from a point on the

1 ¥ 2
edge of the Fresnel zone, and *y t+r, is the length of the reflected ray for which angles of
incidence and reflection are equal. Norton and Omberg [1947] give general formulas for
determining a first Fresnel rone ellipse in the reflecting plane, Forﬁmlau are given in

annex III for calculating distances x, and x, from the transmitter to the two pointa where

the firat Fresnel ellipse cuts the great circlebphme.

A particularly interesting application of some of the smooth-earth formulas given in
this leétlon is the work of Lewin [1962] and others in the design of space-diversity configura-
tions to overcome phlle interference fading over line~of~-sight paths, Diffraction theory may
be used to establish an optimum antemﬁ height for protection against long-term power fading,
choosing for instance the minimum height at which the attenuation below free space is 20 db
for a Horisontally uniform atmosphere with the maximum positive gradient of refractivity
expected to be encountered. Then the formulas of this section will determine the optimum
diversity spacing required.to provide for at least one path a similar 20 db protection against
multipath from direct and ground.reflected components throughout the entire range of refrac-
tivity gradients expected. In general, the refractive index gradient will vary over wider

ranges on over~water patha [1kegami, 1964].
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5.3 Some Efféects of Cluttered Terzrain

The effects of refraction, diffraction, and absorption by trees, hills, and man-made
obstacles are often important, especially if a receiving installation is low or is surrounded
b.y obgtacles. A'blprpﬁoﬁ of radio energy is probably the least important of these three
Jiactora except in cases where the only path for radioc energy is directly through some bufld-
ing material or where a radio path extends for a long distance through trees.

Studies made at 3000 MHz indicate that stone buildings and groups of trees ao dense
that the aky cannot be seen through them should be regarded as opaque objects around which
diffraction takes place [ McPetrie and Ford, 1946]. At 3000 MHz the loss through a 23.
centimeter thick dry brick wall was 12 db and increased to 46 db whén the wall was thore
oughly soaked Qith water, A loss of 1,5db througha dry sash window, and 3 db through
a wet one were usual values,

The only 6bjecta encountergd which showed a loss of less than 10 db at 3000 MHz
were thin screens of leafless branches, the trunk of a single tree at a distance exceeding
30 meters, wood-framed windo‘w., tile or slate roofs, and the sides of light wooden huts.
Field strengths obtained when a thick belt of leafless trees is between transmitter and re-
celver are within about 6 db of those computed assumning Fresnel diffraction over an obstable
slightly lower than the trees. Loss througha thin screen of small trees will rarely exceed
6 db if the transmitting antenna can be seen through their trunks, I aky; can be aeeﬁ through
the trees, 15 db ia the greateat expected loss.

The following empirical relationghip for the rate of attenuation in woode has been given

by Saxton and Lane [ 1955]:
A = d(0.244 log £ - 0.442) decibels,  {f > 100 MHz) (5. 18)

where Aw- is the absorption in decibels through d meters of trees in full leaf at a frequency
f megahertz,

The situation with a high and a low antenna in which the low antenna is located a small
distance from and at a lower height than a thick stand of trees is quite different from the
‘situation in which both antennas may be located in the woods, Recent studies at approxi~.
mately 500 MHz show the depressgion of signal strengths below smooth earth values as 2
function of élearing depth, defined as the distance from the ;ower antenna to the edge of the

woods [ Head, 1960]. The following empirical relation is established:
Ac =52 . 12 log dc decibels (5.19)

whete AC is the depression of the field strength level below smooth earth values and dc is

the clearing depth in meters,



5.4 Sample Calculation of Line-of-Sight Predictions

Attenuation relative to free space is predicted for a short line-of-sight path shown
in figure 5, 2, Measurements at a frequency of 100 MHz were made using vertical polari.
zation, The trangmitting and receiving antennas are 4 meters and 9 meters, respectively,
above ground,

A gtraight line is fitted by least squares to the terrain visible from both antennas,
Terrain near the transmitter is excluded because it is shadowed by high foreground terrain.

are chosen as shown onfigure 5. 2a

Twenty-one equidistant points x, = x_, x_, . .. X

i 0" 1 20
and the corresponding terrain heights, . hi' are read, From (5,15) the average terrain height
h is 1531.8 m, the average distance X is 13,0 km, and the slope m is -6,0 meters per

kilometer, The equation for the straight line is then

h(x) = 15318 - 6(x-13) m = 1,5318 - é(x-13) - 1072 km.

An effective earth's radius, a, is obtained using figure 4,1 and eﬁuations (4.3) and
(4.4). For thig area in Colorado N’ is 280 and a ='8200 km, From (5.16) the adjustment

to allow for the sea level curvature ia

y(x) = h(x) - le(lé. 400)  km.

Figure 5.2b shows the curve y(x) vs x and terrain which has been modified to allow for
the sea level curvature, -

At the transmitter, x= 0 and h(x = 0) is 1609.5 m. At the receiver, x=d=:19.75
km and h(x = 19,75) is 1491,4 m. From(5.17) the antenna heights above the smooth reflecting

plane are then;

h'l = htn - h(0) = 1647,1 - 1609, 5= 37.6 m=0,0376 km,

l'l'2 = hrs - h(d) ='1524.0 - 1491.4 = 32,6 m = 0,0326 km,

. where htu- = 1647.1 m and h" = 1524.0 m are the heights above sea level at the transmitter

‘and receiver respectively, At 100 MHz (A = 3 m), the criterion that both h'l and b must

exceed 0,16 A is met. Neither h'l nor h'z exceeds one 'kilon'mter, 80 no correction factor

Ah, {s required. From (5. 6) and.(S. 7) the distances d, ‘and d2 from each antenna to the

1
point of specular reflection are

~1 -1
= [} =
d1 d(l + hzlh'l) = 10. 58 km, _c!Z =d(1+ h'l/hé) 9.17 km,
and the grazing angle is

tan = h'l/dl = h'z/clz =.0.003554

§ = 0.003554 radians.



From (5.9) the path length difference, Ar, between direct and reflected rays is

H % _ .
Ar = [dz + o+ h:,.)z] - [dz +(ny - h'z)z} = 1.2413 x 10”4 km,

The appr oximation

Ar =~ Zh'lh'zld #1,2413 x 10'4 kmi = 0,124 m = 0,040

is also valid in this case. Note that Ar is less than 0,12\ and optical methods including a-'
divergence factor may underestimate the attenuation.

One should note that important reﬂectibns’ might occur from the high ground near the
transmitter, In this case the reflecting plane would correspond to the foreground terrain
giving h'l =4 m, h'2 = 50 m,’ cl'l = 1,52 km, t'.!2 = 18,22 km and ‘Ar = 0,02 m which is much
less than 0,16\, Optical methods would not be applicable here.

The attenuation relative to free |pac; maf be estimated ueing one of the methods _
described in subsection 5,1. Of these, methods 4 and 5 would apply in this case, Choosing
heights h, =4 m, h, .
earth curves in the CCIR Atlas [ 1959] show the predicted field to be about 36 db below the

= 25 m, as heights above foreground terrain, the theoretical smooth

free space value, The ""standard! propagation curves, annex I, figure I.7, drawn for 100 MHz
and hl = hz = 30 meters show the median basic transmission loss to be about 15 dB below
the free space loss. Greater attenuation would be expected with lower antennag over irregular
terrain., Method 5 using the empﬁicll curve through data recorded at random locations, an~
nex I figure 1. 1 shows the attenuation to be about 20 dB below free space. These data were
recorded with an average transamitter height of about 250 m, and a receiver heighi: of 10 m,

For the very low antennas used on thia Colorado path one would expect the losses to
exceed the values shown on figures 1.7 and 1.1, and also to exceed the theoretical smooth
.earth value of A =~ 36 db obtained from the CCIR Atlas, Spot measurements yield a value
of about 40 db.

1f a prediction were desired for transmission over the same path at 300 MHz, A = 1 m,
then Ar = 0,124 vn is slightly greater than 0,12)\ and optical methods could be used, Using
the value Ar =0.124 m the path length difference in eleatrical radians 2vAr/A = 0.7805
radians. As a check, this quantity may be computed using (5. 148):

ZnAr/a= 41,917 fh"h;ld = 0.7805 radians
= 44,7 degrees.

Equation (5. 4) shows the attenuation relative to free space assurning a single ground
reflection from the smooth curve y(x), figure 5.2b. Assuming that free space gains are

realized so that Gp =10logg g the equation may be written
b1 o2
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A= .10 log[l + R2 -2ZR coa(z"‘h' - c)]
e e A R

where Re is the effective reflection coefficient defined by (5, 1);
‘grl grz \% 0.6 U'h sin \p\

R = DR( ) ex;.( N L.

© BorBoe /

With f= 300 MHz, and tan § = 0.003554, figure III. 3, annex III shows the theoretical reflection

coefficient R = 0.97 and the phase shift ¢ = 0 for vertical polarization over average ground,
The angle between the direct and the reflected ray is small so the ratio of gains in (5. 1) may

be considered to be unity, The divergence factor D and effective reflection coefficient Re

are
2d.d, . , :
= —12 -3
D-<1+adm¢) = 0,865
-0, 6‘ N sind

Reﬁ 0.839 ex

s

The terrain roughness factor, L is the root-mean-square deviation of modified
terrain elevations relative to the curve y(x) within the limits of the first Fresnel zone in
the horizontal reflecting plane. The first Fresnel ellipse cuts the great circle plane at two
points x and X kilometers from the transmitter. The distances x and ¥, may be
computed using equations (III. 18) or (IIL. 19) to (1. 21) of annex III,

B = 0,135, % = 10.02, X 9,12

xa=xo-xl=0.90 km, xb=x0+xl=l9.l4km

The first Fresnel zone cuts the great circle plane at points 0.9 and 19, 14 km from
the transmitter with an intervening distance of 18.24 km, Equidistant points are chosen at
x=1, 2, , .. 19 and corresponding modified terrain heights and values of y(x) are obtained,

With height differences in kilometers:

19
d‘z = h 2/19 = 0,008222
h'Z"’j' /1% oy =0 .

=1
The effective reflection coefficient is then

Re =0.839 exp - 0.01753 = 0,824



which is greater than 0.5 and greater than «8in . The predicted attenuation relative to free
spice A is then

: 2 : 2w A 3 r '
-.10 log [l + Re - ZRe cos "h L c)i = - 10 log i.1.6793 - 1,6484 cos 0.7305] =3 db,

Due to diffraction effects over irregular terrain, the attenuation A .is often ob-
served to be much greater than the values corresponding to the ray theory calculations il-
lustrated in this example. Ray theory is most useful to identify the location and depth of
nulls in an interference pattern in the region.viaible to two antennas. Figure 5,3 ghows an
interference pattern'from an ajrcraft at 10, 000 ft,, transmitting on 328,2 MHz., Measured

values compared with theoretical curves based on ray theory are shown on the figure.



GEOMETRY FOR WITHIN-THE—HORIZON PATHS

Figure 5.1
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6, DETERMINATION OF ANGULAR DISTANCE FOR TRANSHORIZON PATHS

The angular distance, 0, is the angle between radic horizon rays in the great circle
plane defined by the antenna locations, This important parameter is used in diffraction theory
as well as in forward scatter theory, Aﬁgular distance depends upon the terrain profile, as
illustrated in figure 6.1, and upon the bending of radio rays in the atmosphere. Figure 6,1
assumes a linear dependence on heigﬁt of the atmospheric refractive index, n, which implies
a nearly constant rate of ray refraction, If heights to be considered are less than one kilo-
meter above the earth's éurface, the agsumption of a constant effective earth's radius, a,
makee an adequate allowance for ray Bending. Atmospheric refractivity N=(n-1)X 106
more tﬁan one kilometer above the earth's surface, however, is assumed to decay exponen-
tially with height [Bean and Thayer, 1959 ]. This requires corrections to the effective earth's
radiug formulas, as indicated in subsection 6. 4,

To calculate 6, one must first piot the greéat circle path and determine the radio

horizons.

6.1 Plotting a Great Circle Path

For distances less than 70 kﬂométer_s, the great circle path can be approximated by
a rhumb line, which is a line intersecting all meridians at the same angle, For greater dis-
tances, the organization of a map study is i-l.lustra.ted on figure 6,2. Here, a rhumb line is
first plotted on an index map to show the boundaries of available detailed topographic sheets.
Segments of the actual great circle path are later plotted on these detailed maps,

The spherical triangle used for the computation of points on a great circle path is
shown on figure 6,3, where PAB isa spheriéal triangle, with A and B the antenna term-
inals, and P the north or south pole. B has a greater latitude than A, and P is in the
same hemisphere. The triangle shown is for the northern hemisphere but may readily be
inverted té apply to the southern hemisphere, B' is any point along'the great circle path
from A to B, andthe triangle PAB' is the one actually solved, The latitudes of the
A’ QB' and QB' ’
tude between' A and B and A and B', respectively. Z and Z' are the corresponding

points are denoted by & while C and C' are the differences in longi-
great circle path lengths, The following formulas are practical for hand computations as well
as for automatic digital computers, ' Equations (6.1) to (6.4) have been taken, in this form,
from a well-known reference book [L T. and T., 1956 ], where they appear on pages 730-739,
The injtial bearings (X from terminal A, and Y from terminal B) are measured

from true north, and are calculated as follows:

: e =@ : & +&,-
n 12X o & [(mB_z_é_>/< 2] (6.1)




tan Y;X = cot-%-‘ (cos T)/(sml-;:ﬁ ] (6.2)

Y+X , YeX o Y+eX Y-X o 6.3
—-—-Z ‘+"-2"""-Yn ?nd Z - 2 "X' (6.3)

The great circle distance, Z, is given by
& -9
miz.ztan————BzA [ smY+x>/(m-———-]. (6. 4)

To convert the angle. Z obtained in degrees from {6.4) to units of length, the

foi].owing is used; based on a mean sea level earth's' radius of 6370 km:

a
4 =111182 {6, 5)

The following formulas show how to calculate either the latitude or the longitude of a
point on the great circle path, when the other coordinate is given. The given coordinates
correspond to the edges of deta.iled. maps, and to intermediate points usually about 7.5
minutes apart, so that straight linea between points will adequately approximate a great
circle path,

For predominantly east-west paths, ca.lc'ulate\ the latitude n for a given longitude

difference C':

cos Y' = gin X sin C! sinQA~cosXcés c (6. 6)

cos @, = gin X cos QAl_sin Y! (6.7)

For predominantly north-south paths, calculate the longitude difference GC!' for a

given latitude éB' :

sin Y' = sin X cos ﬁAlcoa o (6. 8)

B!

cot. %’—.- =t.a.n E_;_X_ [(czos 't aAMsm B~ %A )] (6.9)

Where the bearing of a path is close to 45 degrees, either method may be used,
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6.2 Plotting a Terrain Profile and Determining the f..qcation of Radio Horizon Obstacles

This subsection explains how to detérmine the sea level arc distance, st r from an
L
antenna to its radio horizon obstacle, and the height, th- r of this obstacle above mean sea
' ’
level. The horizon obstacles are represented by the points (st, th) and (dLr’ er) in

the great circle plane containing the antennas, These points may be determined by the tops of
high buildings, woods, or hills, .or may be entirely determined by the bulge of the earth itself,
All of the predictions of this paper replace the earth by a cylinder whose elements are per-
pendicular to the great circle plane and whose cross-section is in general irregular and
determined by the antenna and horizon locations in the great circle plane, When the difference
in elevations of antenna and horizon greatly exceeds one kilometer, ray tracing is necessary
to determine the location of radio horizons accurately [ Bean and Thayer, 1959 ],

Elevations hi of the terrain are read from topographic maps and tabulated versus
their distances x from the transmitting antenna. The recorded elevations should include
those of successive high and low points along the path, The terrain profile is plotted on linear
graph paper by modifying the terrain elevations to include the effect of the average curvature
of the radio ray path and of the earth's su-rface. The rﬁodiﬁed elevation y; of any point hi'
at a distance x, from the transmitter along a great circle path is its height above a plane

which is horizontal at the transmitting antenna location:

¥; = hi - xizl(la.) {6.10)

where the effective earth's radius, a, in kilometers is calculated using (4.4), or is read
from figure 4,2 as a function of Ns' The _surfé.ce refractivity, Ns’ is obtained from (4.3),
where No is estimated from the map on :figure 4.1,

A plot of y; versus X, on linear graph paper is the desired terrain proﬁlt_s. Figure
6.4 shows the profile for a line-of-sight path, The solid curve near the bottom of the figure
indicates the shape of a surface of constant elevation (h = 0 km), Profiles for a path with one
horizon common to both antennas and for a path with two radio horizons are shown in figures
6.5 and 6.6, The vertical scales of these three figures are exaggerated in order to proﬁde a
gsufficiently detailed representation of terrain irregularities. - Plotting terrain elevations
vertically instead of radially from the earth's center leads to negligible errors where vertical
changes are small relative to distances along the profile.

On a cartesianplot °£. Y versus x, as illustrated in figures 6.4, 6.5, and 6.6, the
ray from each antenna to its horizon is a straight line, provided the difference in antenna and
horizon elevations is less than one kilometer, Procedures to be followed where this is not the

case are indicated in the next subsecﬁon.



6.3 Calculation of Effective Antenna Heights for Transhorizon Paths
If an antenna is located on another structure, or on a steep cliff or mountainside, the
height of this structure, cliff, or mountain above the surrounding terrain should be included
.-ag part of the antenna height. To obtain the effective he‘ight of the transmitting antenna, the
averagé height above .sea. level Kt of the central 80 per cent of the terrain between the trans-
mitter and it8 horizon is determine@. The following fprmula may be used to compute Txt for

31 evenly spaced terrain elevations. 'ht for i=0, 1, 2, +¢++ 30, where htO is the height

above zea level of the ground bel:,ow theitransmitt;'ng antenna, and, ht30 = .th:
a7
Kt = -2-}5- "h;, ho=h - -ﬁt‘ for Kt < htO ; (6. 11a)
i i=3
otherwise
h =h «h (6. 11b)

where hts is the height of the transmitting antenna above mean sea level, The height hr
is similarly defined, . . -
If h or h as defined above is less than one kilometer, h =h or h =h,
t * te t Te T
For antennas higher than one kilometer, a cofrection Ahe,read'from figure 6.7, is used to

reduce ht or hr to the value h or hr :

te e

h, =h - Ah_e(ht, N, h = yr - Ahe(hr, N . (6. 12)
The correction Ah was obtained by ray tracing methods described by Bean and Thayer.[ 1959 1,
For a piven effective earth's radius, the effective antenna height h, corresponding to a

given horizon distance d is smaller than the actual antenna height, ht' Over a smooth

It
spherical earth with hte < lkm and hre < 1 km, the following approximate relationship
exists between effective antenna heights and horizon distances:

h =d®./(2a),  h & /(2a) (6. 13a)

te Lt % ! Te Lr *

If the straight line distance r between antennas is substantially different from the sea level
arc distance d, as in communication between an earth terminal and a satellite, the effective
antenna heights must satisfy the exact relation:

h  =afsec(d; /a)- 1}, b = a[sec(dLrIa)- 1] {6, 13b)
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6.4 Calculation of the Angular Distance, @

The angular distance, 0, is the angle between horizon rays in the great circle plane,
and is the minimum diffraction angle or scattering angle unless antenna beams are elevated,
Calculations for cases where the antenna beams are elevated are given in annex III.

In calculating the angular distance, one first calculates thg angles Oe ¢ and Oer by
which horizon rays are elevated or depresased relative to the horizontal at each antenna, as
shown on figure 6.1, In this report, all heights and distances are measured in kilometers,
and angles are in radians unless otherwise specified, When the product 6d is less than 2,

0=8 =dla+te +0 (6. 14)

where a in (6.14) i8 the effective earth's radius defined in section 4, The horizon ray

elevation angles 90 and eer may be measured with surveying instruments in the field,

t
or determined directly from a terrain profile plot such as that of figure 6.5 or 6,6, but are

usually computed using the following equations:

h . =-h . d h, -h '~ d

It ts Lt Lr rs Lz ‘
9 = - , 0 _= - (6. 15)
et st _ Za er dLr . 2a ,
where th. er are heights of horizon obstacles, and hts' hrs are antemma elevations,

all above mean sea level, - As a general rule, the location (th, st) or (er. dLr) of a
horizon obstacle is determined from the terrain profile by using (6.15) to test all possible

horizon locations. The correct horizon point is.the one for which the horizon elevation angle
6 . or e" is a maximum. When the trial values are negative, the maximum is the value

et
nearest zero, For a smooth earth, -

s NZE"""TF for h < llkm .

eet. er te, re te,re

At the horizon location, the angular elevation of a horizon ray, eot or eor , is

greater than the horizon elevation angle Oe ¢ OF oer:

eot = oet + st/a. ' Bm_ = Ger + dLr/a_ . (6. 16)

If the earth is smooth, 9, and Bor are zero, and 0 = Dsla » where

D =d-d _-d (6. 17)

Figure 6.8, valid only for eot + eor =0, is é\_graph of 8 versus D, for various values of

surface refractivity, N, .



In the general case of irregular terrain, the angles L and poo shown in figure

6.1 are calculated using the following formulas:

\ h «h
_.a ts T8
%0 " Za + S A (6.18a)
"h =h
d . T8 to
poo * + eer + 1 (6,18h)

These angles are pbéitive for beyond-horizon paths. To allow for the effects of a non-linear
refractivity gradient, o and ﬂoo are -modified by corrections Aao and Apo to give
the angles a, and ﬂo whose sum is the:angular distance, 6, and whose ratio defines a

path asymmetry factor '8:

a =a  + Aao (6. 19a)
ﬂo =Byt AR, (6. 19Y)
0= a'° +B,r 87 ao/-po . {6.19¢)

The. corrections Aao and Apo are functions of the angles eot and Oor. (6. 16),
and of the distances dst and dsr from each horizon obstacle to the crossover of horizon
raye. These distances are approximated as

4, =dp le -4 d_=da /8

oo’ oo Lt’ sr - 990780 - Sur . (6. 20)

The sum of dat and dsr is the distance Da between horizon obstacles, defined by
(6.17). Over a smoothearth 4 =d =D /2.
st 8r -]
Figure 6,9, drawn for N’3 = 301, shows Aao as a function of eot and d“.
Similarly, Apo is read from the figure ag a function of eor and dsr +. For values of

'Ns other than. 301, the values as read from the figure are multiplied by C(Ns):
aa (N )= C(NE') Aa 0(301) ., OP O(Ns)_ = C,(Ns) ap 0(30” (6.21a)

2 -5
C (Ns) ={1.3 Ns - 60 Ns) *x 10 (6.21h)

For instance, C{250) = 0,66, C(301)=1.0, C(350) =1,38,and C(400) = 1,84. Figure 6.10

shows C(Ns) plotted versus Ns'
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F ‘
or small Bot. ¢ Do correction Aao or Aﬁo is required for values of dst' " less than
100 Km. When both Aao and Apo are negligible; '

8= o¢:>c> =0 *Poo (6. 22)

which is the same as (6, 14).

I o or Bor is negative, compute

LI -
d =d - |.ae°t[ or dl_=d_ -|ae_ |, (6. 23)

substitute d' 6 for d
-} 8
If either 90 "

detéermine Aao or Apo for eot = 0,1 radian and add the additional correction term

] i -
¢ °F d“ for dsr‘ and read figure 6,9, using Bot,r =0,

or eor is greater than 0,1 radian and less than 0.9 radian,

-6 .
N_(9.97 - cot eot,r) [1-exp(~ 0,05 dst.r)] ¥ 107" radians .

The bending of radio rays elevated more than 0.9 radian above the horizon and passing all
the way through the atmosphere is less than 0,0004 radian, and may be neglected,

Other geometrical parameters required for.the calculation of expected transmission
loss are defined in the sections where they are used.

Many of the graphs in this and subsequent sections assume that s = aol [50 =1,
where a, and po are defined by (6.19a) and (b.19b). It is therefore convenient, since
the transmission loss is independent of the actual direction of trangmission, to denote as the
transmitting antenna whichever antenna will make 8 less than or equal to unity, Alterw
natively, s may be replaced by 1/s and the subscripts t and r may be interchanged

in some of the formulas and graphs, as noted in later sectiona.



PATH GEOMETRY
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7. DIFFRACTION OVER A SINGLE ISOLATED OBSTACLE

A propagation path with a common horizon for both terminals may be considered as
having a aingle diffracting knife edge. In some cases, reflection from terrain may be neglected
‘as discussed in section 7.1; in other cases, ground reflections must be considered as shown in
section 7,2 and appendix III. In actual situationa, the cornmon horizon may be a mountain ridge
or similar obstacle, and such paths are sometimes referred to as "obstacle gain paths", [ Barsis
and Kirby, 1961; Dickson, Egli, Herbstreit and Wickizer, 1953; Furutsu, 1956, 1959, 1963;
Kirby, Dougherty and McQuate, 1955; Rider, 1953; Ugai, Aoyagi, and Nakahara, 1963). A ridge
or mountain peak m-ay not provide an ideal knife edge. The theory of "rounded obstacles' is dis-
cussed by Bachynski [ 1960], Dougherty and Maloney [ 1964], Neugebauer and Bachynski [ 1960],
Rice [ 1954], Wait [1958, 1959], and Wait and Conda [ 1959]. Furutsu [ 1963] and Millington,
Hewitt, and Immirzi [ 1962a] have recently developed tractable expressions for multiple knife-
edge diffraction.” In sorne cases, over relatively smooth terrain or over the sea, the common
horizon ma’y be the bulge of the earth rather than an isolated ridge. This situation is discussed

in section 8,

7.1 Single Knife Edge, No Ground Reflections
A single diffracting knife edge where reflections from terrain may be neglected is il-
lustrated in figure 7,1, where the wedge represents the knife edge, The diffraction loss
" A(v,0) is shown on figure 7.1 as a function of the parameter v, from Schelleng, Burrows,
and Ferrell [ 1933] and is defined as

vEt Zmﬂt's[z&tanao tan ﬂo)/X (7.1a)

or in terms of frequency in MHz:
v =i 2, 583 ef“"‘andl 514 (7.1B)

where the distances are all in kilometers and the angles in radians. The distance

- T2 g2
Ar = rtr, - F d1 dz/(Zd)

is discussed in section 5, and the diumncés r.l1 and 'd2 from the knife edge to the trans-
mitter and receiver, respectively, are shown on figure 7.1. The radio wavelength, A, is in
the same units as the total path digtance, d. The angles ao, [30. and @ are defined in
section 6. In this case, th = er

, and since d" = d" = 0, no corrections Aao or Aﬁo
are required, For the line-of-sight situation, shown in figure 7.1 and discussed in section

5.1, the angles ao and ﬁo are both negative, and the parameter v is negative., For

tz:aﬁshorizon paths, a and ﬁo are both iaosi.tive and v is positive.
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If v is greater than 3, A(v,0} may be expressed by:

A(v,0) ~ 12,953 + 20 log v db . (7.2)

The basic transmission loss, Lb a for a knife-edge diffraction path is given by

adding A(v,0) to the free space loss:

Ly =Ly +A(v,0) db (7.3)

where Lbf is given by (2.16), For frequencies above about 1 GHz, an egtimate of the loss
due to absorption (3, 1), should be added to (7.3) and (7.4).
If the angles a, and [30 are small, the basic transmission loss over a knife-edge

diffraction path may be written as:

Ly, = 30 logd + 30 log £+ 10 log @, + 10 log B+ 53.644. db (7.4)

which, however, is accurate only if v >3, d>>\, and (d/\)tan a tan f}o >4,

For many paths, the diffraction loss is greater than the theoretical loss shown in
(7.2), (7.3), and (7.4), because the obstacle is not a true knife edge, and becausde of other
possibleé terrain effects. For a number of paths sfudied,_ the additional loss ranged
from 10 to 20 db,

The problem of multiple knife-edge difiraction is not discussed here, but for the
double knife-edge case, where diffraction occurs over two ridges, a simple technique may
be used, The path is considered 48 though it were two simple knife~edge paths, - (a) trans«
mitter ;-first ridge-second ridge, and (b) first ridge-second ridge -receiver, The diffrac-
tion attenuation A(v,0) is computed for each of these paths, and the results added to obtain
the diffraction attenuation over the whole path.  When the parameter v is positive and rather
small for both parts of the path, this method gives excellent results, Methods for approx-
imating theoretical values of multiple knife-edge diffraction have been developed by'Wi.lker son
[ 1964], '



7.2 Single Knife Edge with Ground Reflections

Theoretically, received fields may be increased by as much as 12 db due to enhance-
ment, or deep nulls may occur due to cancellﬁtion of the signal by ground reflections. Re-
flection may occur on either or both sides of the diffracting edge. When the reflecting surface
between the diffracting knife-edge and either or both antennas is more than the depth of a first
Fresnel zone below the radio ray, and whex_-.e geometric optics is applicable, the four ray knife-
edge theory described in annex III ma).f be used to compute diffraction attenuation. This method
is used when details of terrain are known so that reflecting r;»lanes may be determined rather ac~
curately, Using the four ray theory, the received field may include three reoflected components,
with associated reflection coefficients and ray path differences, in addition to the direct ray
component,

When an-isolated knife edge forms a common horizon for the transmitter and receiver,

the diffraction loss may be estimated as:

Az Av,0) - G('Kl) - G("'Z) db (7. 5)
where
. = 2.2325 BAK, b%) (£/a )3 w 5.74 (£/a) ik (7. 6a)
1 ’ B 1 te ! 1 te :
. = 2.2325 BY(K, b°) (£°/a )-;_h =574 (£ /a2 )3 h (7. 6b)
2 ' ' 2 re 2 Te )

o2 42
T st,(the, ' a2 - dLr/-(Zhre) -

1

The parar_netérs b°, K, and B(K, E“) are defined in subsection 8,1, The knife-edge attenuation
A(v,0) is shown on figure 7.1, and the function G(h) ,intrc;duced by Norton, Rice and Vogler
[1955] is shown on figure 7.2, Effective antenna heights hte , hre , and the distances st,'
dL.!' are defined in section 6, In these and other formulas, f is the radio frequency in MHz,

The function G(hl, 2) represents the effects of reflection between the obstacle and the
transmitter or receiver, réspectively, These terms should be used when more than half of the
terrain between an antenna and its horizon cuts a first Frlesn_el zone ellipse which has the an-
tenna and its horizon as focii and lies in tl"w great circle plane. Definite criteria are not avail-
able, but; in general, if terrain near the middle distance between a transmitting antenna ar-ld its
ho-rizon is ¢loser to the ray than 0. 5(A st)% kilometers, G(T;l) should be used. The same

criterion, depending on d " determines when G(Ea) should be used. When detdils of terrain
1 .

Lr’
are not known, an allowance for terrain effects, ('_‘:(i1 Z) , should be used if 0,5(\d
’ .

|h

2>
Lt Lr

Lt Lr " hts, rsl /2, where all dutam:.es and heights are in kilometers,



7.3 Isolated Rounded Obstacle, No Ground Reflections
Dougherty and Maloney [ 1964 ] describe the diffraction attenuation relative to free
space for an isolated, perfectly conducting, rounded knife edge, The rounded obstacle is

considered to be isolated from the surrounding terrain when

K h[Z/(kr)]% >>1

where k= 28/\, r is the radius of curvature of the rounded obstacle, and h is the
1 2 1
smaller of the two values [(de + rZ)/a_ r] and [(der +r )/a_ r].
The diffraction losa for an isolated rounded obstacle and irregular terrain

shown in figure 7,3 is defined as:

A(v,p) = Alv,0) + A(0, p) + Uvp) db (7.7

where v ig the usual dimensionless paramétez_' defined by (7,1) and p  is a dimensionless

index of curvature for the crest radius, r in kilometers, of the rounded knife edge:

vp = 1. 746 e(fr)% (7.8)

I TP
p = Q.676 r* f [d/(rlrz)] (7.9

where, £ . is the radio frequenéy in MHz, d is the path distance in kilometers, and

TeT, shown in figure 7.3 are the distances in kilometers from the transmitter and receiver,
respectively to the rounded obstacle, For ail practical applications, rlrl may be replaced
by dldl . Where the rounded obstacle is the broad crest of a hill, the radius of curvature,;

'r, for a symmetrical path is:

r=Ds/0 {7.10)

where Ds =d - st - dLr is the distance between transmitter and receiver horizons in
kilometers, and 0 is the angular distance in radians (6,19), Where the ratio aol po ®1,
the radius of curvature is defined in terms of the harmonic mean of radii a.t and a, defined

in the next section, (8.9), and shown in figure 8. Tr-

2D d d
r= 8 Bt 8T (7.11)

9(d 2+d 2)
\ 8t 8r

In (7.7), the term A(v,0) is the diffraction loss for the ideal knife edge (r = 0),
and is read from figure 7,1. The term A(0,p) is the magnitude of the intercept values
{v = 0) for various values of p and is shown on figpure 7.4, The lastterm U{vp) is a

function of the product, vp, andis shown on figure 7.5.
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Arbitrary mathematical expressions, given in annex 1II, have been fitted to the curves of
figures 7.1, 7.3, 7.4, and 7.5 for use in programming the method for a digital computer.

The diffraction loss "A(v,p) as given by (7.7) is applicable for either horizontally
or vertically polarized radio waves over irregular terrain provided that the following condi-
tions are met:

{a) the distances d, d;ydy; and r are much larger than \,

{b) the extent of the obstacle transverse to the path is at least as great as the width

of a first Fresnel zone;

\/hdl’z(l- dl,zld) '

(c) the compounents ﬂo and ﬂo of the angle 6 are less than 0.175 radians, and
: X 1

(d) the radius of curvature is large enough 8o that (r /AP >> 1,

In applying this method to computation of diffraction loss over irregular terrain, some
variance of observed from predicted values is to be expected, One important source of error
is in estimating the radius of curvature of the rounded obstacle, because the crests of hills
or ridges are rarely smooth, Differences between theoretical and observed values are apt
to be greater at UHF than at VHF.



7.4 Isolated Rounded Obstacle with Ground Reflections

If a rounded obatacle has a small radius and is far from the antennas, (7.7) may
neglect important effects of diffraction or reflection by terrain features between each antenna
and it -hbrizon.

Such terrain foreground effects may be allowed for, on the average, by é,dding a term,
10 exp(-2.3p) "to (7.7). The effect of this term ranges from 10db for p =0 to 1db for
¢ = 1. When some information is available about foreéround terrain, the G(l—'l.l' ,) terms
discussed in section 7.2 may be used if more than half of the terrain between an antenna

and its horizon cuts a first Fresnel zone in the great circle plane:

A = Alv,p) - _c,("ﬁ'l) - G(“ﬁz) ab (7.12)

b, by (7.6), and the functions Gk

where A{v,p) is defined by (7.7), "1'{1. 5 are shown

1,2)
on figure 7.2,

When details of terrain are k.r'xown‘, and the re_ﬂecti.ng gurfaces between the rounded
obstacle and either or both antennas are more than the depth of a first Fresnel zone below
the radio ray, the geometric optica four-ray theory described in annex III = may be appli-
cable. In this case, the phase lag of the diffracted field with reference to the free space
field must be considered in addition to the i'ay path _differences of the reflected cdmponents.

The phase lag &(v,p) of the diffracted field is defined as

&{v, p) = 90 vz + ${v, 0) + ${0,p) + &vp) degrees {7.13a)

where the functions. §(v,0), §0,p), and vp) are shown on figures 7.1, 7.4, and 7.5,
regpectively, For an ideal knife-edge, p = 0, the phase lag of the diffracted field is

8(v,0) = 90 v° + §{v, 0) for v >0 (7. 13b)

and B(v, 0) = &(v, 0) for v =0 (7. 13¢)
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7.5 An Example of Transmission Loss Prediction for a Rounded Isolated Obstacle
The path selected to px;ovida an example of knife-edge diffraction calculations is lo-
cated in eastern Colorado, extending from a location near Beulah, southwest of Pueblo, to
Table Mesa north of Boulder, The common horizon is formed by Pikes Peak, with an eleva-
tion 4300 meters abc;ve mean gea level, For the purpose of these calculations Pikes Peak is
considered to be a single rounded knife edge. The complete path profile is shown in figure
7. 6. Table 7.1 gives all. applicable path and equipment parameters and permits a compari-

son of calculated and actually measured values,

TABLE 7,1
Path and Equipment Parameters

Carrier Frequency 751 MHz
Total Great Circle Path Distance 223.3 km
Great Circle Digtances from Pikes Peak

to Transmitter Site 77.3 ki

to Receiver Site 146.0 km
Terminal Elevations above Mean Sea Level

Transmitter Site 1,905 m

Receiver Site 1, 666 m
Elevation of Pikes Peak

Above Mean Sea Level 4,300 m

Above Mean Terminal Elevation 2,507 m
Transmitting Antenna Height Above Ground 7.3 m
Transmitting Antenna Gain Above Isotropic

(4.3 m Dish) 26.7 db
Receiving Antenna Height Above Ground 20.0m
Receiving Antenna Cain Values Above

Isotropic (3 m Dish) 23,6 db
Polarization Horizontal
Modulation Continuous

Wave

Transmitter Power 445 watts

Calculations are given for single-ray diffraction, heglectin.g possible specular reflections
from foreground terrain,

The minimum monthly surface zfgfractivity No (referred to mean sea level) from
figure 4.1 is 300 N-units, From Takble 7.1 the terminal elevations are 1905 and 1666 m,
respectively, Correeponding surface refractivity values Ns are-24§ and 251 N-unita (4, 3),

-and the average of these values is Ns = 248. ' In this example, N_ is calculated for the

terminals, as the antennas are more than 150 m below their 4300 m radio horizon, Using
(4.4) or an-exfrapolation of figure 4, 2, thc.a' effective earth radius a for _Ns = 248 is found
to be 7830 km.
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The angular distance ©. in radians and related parameteérs arc calculated using

(6,15 and (6, 18a,b): 8 = 0,008581.0 '=0,025953 « = 0,021827 ¢ = 0,041225. 'In
et er o 0o
this example d ¢ and ds1 arc negligibly small, and the corrections Au  and AF}U
8 " (4]
(6.19a, b) can be neglected, Thus, « ., '« , p = p , and 0 =0.063052 radians,
o0 o oo 0

The free-space loss and the attenuation relative to free space are computed con-
sidering Pikes Peak to be a single isolated rounded obstacle. From a study of large-scale
topographic maps, the distance Ds between the radio horizons at the top of the peak is esti-

mated to be. 0,040 km. With {= 751 MHd=z, d1 = 146.0 km, and d2 = 77.3 ki, we deter=-

mine:
v = 31.73 (v is positive, as both a and ﬁo are greater than zero) (7. 1b)
r=0,6344 (7, 10), vp= 0,858 (7,8) and p = 0,0271

The test described in section 7.3 shows that the asgumption of an isolated obstacle

is applicable, The components of basic transmission loés are then determined as follows:

Free-space Loss Lb'f'= 137.0  db’ (2. 16)
A(v,0) = 43,0 db figure 7.1
A{0,p) = 6.0 db’ figure 7.4
Ulv,p) = 5.1 db figure 7.5

Totals are: A(v, p) = 54,1 db, and from (7. 3), Lbd = Lbf + A(v,p) = 191. 1 db.
The average atmospheric absorption term, Aa" from figure 3.6 is 0, 7'db,  Then

the total baéic transmission logs value L, = 191.8 db, which is equal to the long-term ref-

erence value Lcr . This reference value:iri's gtrictly applicable only to those hours of the
year which are characterized by a surface refractivity of approximately 250 N-units.

The expecte.d behavior of the hourly median basic tranemission loss for all hours
of the year'.over this path can be determined using the methods described in section 10, A
function_ V(0. 5, d;a) which is used with Lcr to Comf:ute the long-term median transmission
loss for a given climatic region is described in subsection 10,4, A function Y(q, de) dew
scribes fhe variability relative to this long-térm median that is expected for a fraction of
hours q. The total cumulative distribution for this path in a Continental Temperate climate
is computed as shown in subsectionil0. 5..

Since this is a knife-edge diffraction path, it will be necessary to calculaté cumula-
tive distributions Y(q, de) " separately for portions of the path on each side of Pikes Peak and
to combine the results as described in subsection 10,8, Effective antenna heights are com-
puted as heights above curves fitted to terrain on each side of Pike's Peak using (5.15} and
(5.16). The curves are extrapolated tc-)‘ each anteﬁﬁa and to Pike's Peak, The effective heights

are then the heights of the antennas and of the Peak above these curves, From Beulah to Pikes
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Peak the terrain near the Peak is excluded because it is partially shadowed. Twenty-one
evenly apaced points, . from d=3,3km to d= 70 km were selected and the cor-
responding terrain heights %, were read. From (5.15b) h'= 2100 m, x = 36.6 km, and

m = 25,5, and the straight line fitted to terrain is
h(x) = 2100 + 25, 5(x - 36. 6) meters,

At the Beulah antenna, x =0 and h{x) = 1167 meters, at Pikes Peak x = 75,5 kilometers
and h(x) = 3095 meters, The effective antenna heights are then 738 and 1205 meters (5.17).
Using (10. 1) to (10. 3) the distances dL = 262.5 km, d.81 = 33,2 km, and the effective dig-
tance de is 34.0 km..

Similarly on the Table Mesa side much of the terrain is shadowed by the small peak at
about 122 km and by the elevated ar'e'.a at about 202 k. The curve fit is therefore computed
= 122.5 km and x

for the intervening terrain with x = 200, 5 km, Using 21 equidistant

0 20 .
terrain heights between these points (5.15b) gives h= 2025m, = = 161.5 km, and m = -9, 3,
From (5,15a) h(x'= 75,5) = 2827, h(x = 223.3) = 1448 meters. The effective antenna heights
are then 1473 and 218 meters (5.17), d

d = 74,3 km,
e

L 222.5, ds = 33.2 km, and the effective distance
1
We thue have two paths in tandem where the effective distances are 34,0 and 74.3 km
respectively, Cumulative distributions are obtained using figures 10.13, 10,14, 10.15, and eq-

uations (10.4) to (10.7), .The frequency factors are g(0.1, 1) =1.33, g{0,9, f)=1,29,

Table Mesa Side Beulah Side
v(0.5, d ) 0.2 0 figure 10,13
Y(0. 1, de' 100 MHz) 4.7 1.2 figure 10, 14
Y(0.9, de' 100 MHz) -3.1 0.6 figure 10, 14
Y(0.1) \ 6.3 1.6 (10.6)
Y(0,9) =4.0 -0.77 .(10.6)

.Uaing' the reference value Lcr-= 191.8:db" and the ratios given in (10.7) the predicted

cumulative distributions for both portions and for the entire path are tabulated below:

L (q) in db

q - ‘Table Mesa Beulah Entire Path
0.0001 170.6 . 186.5 170. 1
0.001 174, 4 ' 187.4 173.8
0.01 179.0 188. 6 178.6
0.1 185.3 190,2" 184.8
0.5 191.6 191.8 191.3
0.9 195.6 192. 6 195.5
10,99 198,9 193, 2 199.0
0.999 201,2 193.7 201.3
10.9999 203.2 194.0 203.2

7-9



The cumulative distribution of predicted basic transmissjon loss for the entire path
was obtained by convoluting the distributions for each part of the path, as described in sub-
section 108, This cumulative distribution is shown graphically in figure 7.7 together with
a distribution derived from measurements over this path, reflecting 1056 hours of data ob-
tained in 1960 and 1962,

The confidence limits on figure 7.7 were derived assuming that

az(q) =16.734+0,12 YZ(-q)

2 2
where the variance UC(O. 5) = l;. 73 db given in (V. 40) has been increased by 4 dbz to allow

for equipment and reading errors.
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DIFFRACTION LOSS Alv,p), IN DECIBELS
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- UNIVERSAL DIFFRACTION CURVE_FORVA ROUNDED OBSTACLE
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8. DIFFRACTION OVER SMOOTH EARTH AND OVER IRREGULAR TERRAIN

Diffraction attenuation over an isolated ridge or hill has been discussed in section 7.
The following methods are ugsed to compute ‘a/ttenuation over the bulge of the earth and over
irregular terrain. The methods are applicable to the far diffraction region, where the dif.
fracted fileld intensity may be determined by the first term of the Van der Pol-Bremmer
residue series [Bremmer, 1949], This region extends from near the radio horizon to well
'beyond the horizon. A criterion is given to determine the minimum distance for which the
method may be used. In some situations the first term of the series provides a valid ap-
proximation to the diffracted field even at points slightly within line-of-sight [Vogler, 1964].
A simplified graphical method for determining ground wave attenuation over a spheri-
cal homogeneous earth in this far diffraction region was recently developed by Vogler [ 1964],
based on a paper by Norton [ 1941]. The method described in seétion 8.1 is applicable to either
horizontal or vertical polarization, and takes account of the effecfive eartﬁ's radius, ground
constants, and radio frequeﬁcy. In ;;ection 8.2, a modification of the method for computing
diffraction attenuation over irreguiar terrain is described, and section 8,3 considers the
special case of a common horizon which'is not an isolated obstacle,
For frequencies above 1000 MHz, the attenuation due to gaseous absorption should
be addéd to the diffraction loss. See (3,1) and figure 3. 6.
8.1 Diffraction Attenuation Over a $Smooth Earth
The attenuation relative to free space may be expressed in terms of a distance depend-
ence, the dependence on antenna heights, and the dependence on electromagnetic ground con-

stants, the eart’h's radius, and the radio frequency:.
A=z \G(xo) - F(xl) - F(xz) - CI(K' b®) + Aa (8.1)

where An' is the atmospheric absorption, given by (3.5), and

%o = d Bo' * = st Bo' *2 - dLr Bo (8. 1a)
&2 3
Bo = C° BK, b°), Co = (8497/a) . (8. 1h)
The basic diffraction transmission loss Lbd is
Lbd = Lbf + A db, (8. 2)
where the basic transmission loss in free space, Lbf’ is gi.ven by (2, 16),
The distances d, 4 d_ , and the effective earth's radius,. a, have been defined

Lt "Lr
in sections 4 and 6, and f is the radio frequency in megahertz.



The parameters K and b° deﬁend on polarization of the radio wave and the rela-
tive dielectric constant, « » and conductivity, o, -of the ground. Figures\ 8.1 and 8.2
show curves of K and b® versus frequency for combinations of ¢ and ¢ corresponding
to poor, average, and good ground, and to sea water. Figure 8,1 shows K {for a = 8497

km. For other values of effective earth's radius,

K(a) = C, K(8497), (8..3)

General formulas for K and b~ for both horizontal and vertical polarization are given in
section III.4 of annex 1Il,

The parameter B(K.b“) in (8.2b) is shown as a function of K and b° in figure
8,3.. The limiting value B = 1,607 for K — 0 may be used for mc;at cases of horizontal

polarization,  The parameter CI(K,b°) in (8, 1’) ig shown in figure §,4.
The function G(xo) in (8.1) is shown.on fig\‘ires 8.5 and 8.6, and is defined as

{8.4)

G(xo) =0,05751 x 0

0" 10 1og’x

and the height functions F(:}c1 2) are plotted-in figures 8,5 and 8.6 versus K and b°.
14

For large values of %, or Xy F(x) is approximately equal to G(x).

1
Because this method is based on only the first term of the residue series, it is

limited to the following distances to insure that A is accurate within approximately 1,5 dbs.

#

%y - xl(‘Axl) - xz(AxZ) > 335, for B = 1.607, (K = 0.1) (8, 5a)

V

X, - xl(Axl) - xZ(AxZ) > 115, for B = 0,700, (K = 10), (8. 5b}

0
For valués of B lying hetween these two limits, linear interpolation between the A(x)
curves. of figure . 8,6, and the two minimum values in (8.5) gives a fair approximation of the

range of validity of (8.1). Using linear interﬁolation:

RO A(xl, B) - x, -A(xZ’B) > X sin (8.6)
where
x . .= 335.242,6 (1,607 - B) (8. 7a)
min
Alx, B) = Afx, 1,607) + 1.103(1.607 - B) [ A(x, 0.700) - A(x, 1.607) ] , (8. 7b)

A(x, 0.700) and A(x, 1.607) are the values read from the upper and lower curves of Ax in

figure 8.6,



8.2 Diffraction Over Irregular Terrain
To compute diffraction attenuation over irregular terrain, the single effective earth's
radius, a, used in (8.2} is replaced by four different radii as shown in figure 8,7, The

radii al and az of the terrain between the antennas and their horizons, and the radii at

and a of the terrain between radio horizons and the crogsover point of horizon rays are

defined by
= /@2n ) .a=d2/2h) (8. 8)
* Lt ( te’’ Lr ( Te ’
By 7 Ds dst/(edsr)' R dsr/(edst)' (8.9)

The distances D, d_, d , d , d , the effective antenna heights h _ and h ,
) st sr Lt Lr te re

and the angular distance 9 are defined in section 6.

These four radii are used in (8,2) and (8. 3) té obtain values of K(a) = K1 2t r for each

of the four radii. Corresponding values B are then read from figure 8,3 for each

1,2, ¢, r
value of K.

The diffraction attenuation relative to free space is then:

A = Glxg) - F(x)) - Fix,) - 'c:'l (K, )+ A, (8.10)

1,2
where Aa is the atmospheric absorpfion defined by (3.1), and is negligible for frequencies
less than 1 GHz, and C (Kl 2) is the weighted average of C1 (Kl, b} and C1 (KZ' b)

1
read from figure 8, 4:

Cl(Kl,z)"[xl C1(K1)+"z CI(KZ)]/(x1+x2) (8.11)
%y = Bmst, x, = Bozd_Lr‘ (8.12a)
Xy " Bot dst+ Bor dsr+x1+x2 (8.12h)
1 1 '
B =3¢’ By B =f° ct B, (8. 13a)
[1] ] 01 0z 02
Y 2 1 "2
B .=f*C "B, B ={3¢C B (8.13L)
ot ot t s34 or r

This method is appiicable to comput'z_ltion of diffraction attenuation over irregular ter-
rain for both vertical and horizontal polarization for transhorizon paths. The method may
be somewhat simplified for two special cases: diffraction over paths where dst_é dsr ,
and for most paths when horizontal polarization is used,



8.2.1 Diffraction over paths where d_ o a" '

For paths where the distances dst and d", ‘are equal, the parameter Xy may be
defined in terms of DB and the corresponding earth's radius L
x, = Bos Ds + xl + x, (8.14)

1
3 = = = 3 = °
Dy=2d, =24, 2 D,/8, coq (8497/a )3, B_=B(K_ b°) (8.158)

B =£‘§c B (8.15h)

where x, and x, are defined by (8.12), The diffraction attenuation is then computed using

1 2
(8,10).

8.2.2 For horizontal polarization
For horizontally polarized ra"dio waves, at frequencies above 100 MHz, and with
K(a) = 0.001, the parameter B(K, b) approaches a constant value, B ~ 1,607, and
CI(K’ b) = 20.03 dB Asuurhing B=1.607 and - Cl = 20,03, the diffraction attenuation may

be computed as follows:

A= Glx) - F(x)) - F(x,) - 20.03 db (8. 168)
. =669 3d Jas,  x, =669 d Ja b (8. 16b)
1 Lt 1 ' 2 Ir 2 '
- 669 £5 83 D 6
Xy = 9 str+x1+x2 (8.1 c)

where

Saba B :
Dotr = (dstdsr) <dst + dsr//(dst + dsr) .

The parameter D is shown in figure 8.8 as a functionof d _ and d .
str st 8T

For paths where dst = dsr , ueing horizontal polarization, the parameter xo sim-

plifies to

L2 i
x, = 669 £ (9 _D,;)3 tE X, (8. 16d)



8. 3 Single-Horizon Paths, Obstacle not Isolated
In some cases, over rather regular terrain or over the sea, a common horizon may
be the bulge of the earth rather than an isolated ridge or m‘éuntain. For such paths, the
path distance, d, is just the sum of st and dLr’ and in this case, the method described
in gection 8.2 is simplified to one with only two earth's radii instead of four, The para-

meters  x, and x, are defined by (8.12), and %Xy =%, 4%, The diffraction attenuation
is then compﬁted using (8. 10),

The diffraction loss predicted by this method agrees very well with observed values
over a number of paths in the United Kingdom and the United States where the common
horizon is not isolated.

For transhorizon paths of short to medium length, when it is not known whether
diffraction or scatter is the dominant .propagation mechanism, both diffraction and scatter
loss should be computed. The next section shows how to compute scatter loss, and how to

combine the two computed values when they are nearly equal,
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9. FORWARD SCATTER _

This section gives 'meth_odl for calculating refere.nce values of long-térm median radio
transmission loss over paths that extend well beyond the horizon and for combining diffrac-
tion and scatter transmission loss estimates where this is appropriate. Empirical esti-
mates of the median values and long-term variability of transmigsion loss for several
climatic regions and periods of time are given in section 10 and annex III.

For long tropospheric path'é the propagation mecfxininm is usually forward scatter,
especially during times of day and seasons of _tﬁé-year when ducts and elevated layers are
rare, Often, for other periods of time, as scattering becomes more coherent it is more
properly called reflection. The examhﬁﬁon of 'trammiléion loss variation ovér a particular
path during some period for which detailed information about layer heights, tilts, and inten-
sities is available can be very illumin’at:lng; see for‘ ihstance Josephson and Eklund [ 1958].
Sometimes no distinction can be made betweén "iorward scatter" from a turbulent atmosphere
and "incoherent reﬂectionl" from patchy elev‘ated layers, The first viewpoint is developed
in papers by Pekeris [ 1947}, Booker and Gordon [19503]. Megaw [ 1950, 1954, 1957],
Millington [1958], Staras [1952, 1955]; Tao [ 1957], Troitaki [1956, 1957a], Villars and
Weisskopf [ 1955], Voge [ 1953, 1955], .and Wheelon [ 1957, 1959], while the second viewpoint
is emphasized in papers by Beckmann [ 1957, 1960. 1961a, b], duCastel, Misme, and Voge
[1958], Friis, Crawford and Hogg | 1957] Starkey, Turner, Badcoe, and Kitchen [1988], and
Voge [ 1956, 1960] The general prediction methods deacnbed here are for the most part con-
sistent with either viewpoint, and agree with long-term median values for all available dat:a.

A brief discussion of forward scatter theories is given in annex IV.

The reference value, Lb“ » .of long-term median basic transmission loss die to for-

ward scatter is

= - -F .
Lbsr 30 log f - 20 log d + F (8d) o + Ho + Aa db (9. 1)

For most applications the first three terma of (9.1) are sufficient for calculating Lb

In(9.1) {. is the ratho frequency in MHz, and d is the mean sea level arg distance in kilo-
meters, The attenuauon function F(8d), the scattering efficiency term F s and the frequency
gain function H » are discussed in the following uubsectiona. Atmosphenc absorptmn, Aa'
defined by (3.1) and shown on ﬁgure 3.6, may be neglected at.lower frequencxas, but may be
more than 2'db over a long path at 1000 MHz, ‘and becomes increasingly. 1mportant with in.
creasing frequency.

For ground-based scatter 1iﬁks the sea level arvc distaﬂcg, d, and the straight line
distance, T, “between antennas are approximately equal. To eséimate transmission loss

between the earth and a sat_e_liite’. where L is much greater than d, a term 20 log(ro/d)



should be added to the reference value Lbsr' Annex IiI contains a discussion of transmission
loss expected when antenna beams are elevated above the horizon, or directed away from the
great circle plane determined by the antenna locations,

The median forward scatter transmission loss, Lar' i‘s.fhe' basic transmission loss,
.me‘, minus the path ﬂl)tentla pain, G St?ction 9.4 showé how to estimate th.e loss in pafh
antenna gain, Lgp' when .there is a loss in antenna gain due to scatter. Section 9, 5 shows
how to combine diffraction and scatter losses. Following Arons [1956], the scattering of dif-

fracted fields and the diffraction of scatter fields are ignored,

9.1 The Attenuation Function F (8d) -

The attenuation function F(ed) depends upon the most important features of the propagation
path and upon the surface refractivity, Ns. The f\mctidn includes a small empirical adjustment
to data available in the frequency range from 100 to 1000 MHz,

For miost land-based scatter links figure 9.1 may be used, where F(0d) is plotted versus
the product 6d for Ns = 400, 350, 301 and 250, The path distﬁnce, d, is in kilometers and
the angular distapce, 6, in radians, For values of 6d = 10 the curves of figure 9..1 are valid °
for all values of the agymmetry parameter 8= avc'/ﬂo . Fo'r. values of ad 'greater' than 10 th_e
curves may be used for values of 8 from 0,7 to unity, For 8 greater than 1 use 1/s in
réading the graph,

For highly agymmetrical paths with 6d >10, figures ITI. 11 to III, 14 of annex IIIf are
used to obtain F(6d) . Annex III also contains analytical functions fitted to the curves F(06d)
for 0.7 =8 = 1 for all values of the product 64 for N. = 301. A function is also given to
adjust these computed values for all values of Ns . Using the analytic functions for ¥ (8d)

with Ns = 301, the reference medi_an bagic trangmigsion loss is

For o6d = 10:

Ly, = 135.8 + 30 log £+ 30 log 6 + 10 log d + 0. 332 8d (9. 2a)

For 10 < gd = 50:

L, =129.5+ 30 tog £+ 37.5 log 6+ 17.5 log d+-0.212 ed (9. 2b)
Reference values may be computed in a gimilar rhanner for other Qalu_es of _Ns'.

The approximations in (9.2) do not make any allowance for the frequency gain function,
HQ . For usual cases of transmission at frequencies above 400 MHz the app.roximations in
(9. 2) give good results. For the higher frequencies an estimate of atmospheric absorption
should be added. For lower frequencies, or lower'a‘ntenna heighté, ground-reflected en'ergy.
tends to cancel the direct ray and the approximaition in 19.2) will underestimate the trans-

misgion loss,



9.2 The Frequency Gain Function, HO

It is assumed that if antennas are suificiently high, reflection of energy by the ground
doubles the power incident on scatterers visible to both antennas, and again doubles the power
scattered to the receiver. As the frequency is reduced, effective antenna heights htelx and
h“/h in wavelengths become smaller, and ground-reflected energy tends to cancel direct-ray
energy at the lower part of the common volume, where scattering efficiency is greatest, The
frequency gain function Ho in {9, 1) is an estimate of the éorresponding increase in transmission
loss.

This function first decreases rapidly with increasing distance and then approaches a
constant value. For hte/x >4 a/d and hre'/x >4da/d, Ho is negligible, The upper limit
of Ho-as h';e and hre approach zero is Ho =% + Ao dB, where Ao is the diffraction atten-
uation over a smooth earth, relative to free space, at 8 = 0, For frequencies up to 10 GHz,
Ao may be estimated from the CCIR Atlas of Ground Wave Propaéation Curves [ 1955, 1959].
Ho should rarely exceed 25 dp except for very low antennas.

The frequency gain function, Ho.' depends on effective antenna heights in terms of wave

lengths, path alymmetry,' and the parameter ns"lhown on figure 9.2 and defined as

;

ng = 0.5696 h [1+(0,031 - 2.32 N_ x 1072 + 5,67 N: X 10'6)exp(-3.8 h: x 10'6)] (9. 3a)
ho = 8d0/(1+ 8 km. (9. 3b)

The parameters r, and r, are defired as

1 2

r, =. 4w0 htelh. r, = 410 hrelx (9.4a).
where 6 is the angular distance in radians, and the effective antenna heights hte.' h  arein
the same units as th_e radio wave length, x. In terms of_freqﬁency 'rl and r, ‘may be written

r, =41'929£ht¢_' T, =4lg929fhre (9.4b)

where O is in radians, { in MHz, and hte' hm are in kilormeters.

For the great majority of transhorizon paths, s is within the range 0.7=s= 1. The
effect of very small values of s, \yith a, << po' .may be seen in figures HI.15 to II1, 19,
which have been computed for the special case where effective transmitting and receiving an-

tenna heights are equal,



a) For n, greater than or equal to 1:
Read Ho(rl) and Ho(rz) from figure 9,3; then Ho is

H = [H (r)+ Ho(rz)] 12 taH {9.:5)
where

AHO =6(0,6.~ log 'qs)log s log q:
s=a,lp, a=rt,/sr)

If ng > 5 the value of Ho for 1 = 5 is used, The correction term -AHO is zero for
ng = 4, s =1, or q = 1 and reaches a maximum value, QHO = 3,6 db, for highly asymmetrical
paths when n, = 1. The value of AHO may be computed as shown or read from the nomeogram,
figure 9.4. A straight line between values of s and q on their respective scales intersects
the vertical line marked @, This point of intersection when connected by a straight line to
the apéropriate value of Mg intersects the AHO scale at thé'desired value,
The following limits should be applied in determining AHO:
If s=10 or q=10, use 8 =10 or q =10,
If s=0,1 or q=0,1, use s=0,1 of q=0,1,
if AHO = [Ho(rl) + Ho(rz)] /2, use Ho = Ho(rl) + Ho(rz).
If AHO would make H0 negative, use Ho =0,

b} For T'[s less than 1:

First obtain Ho for Ng = 1 as described above, then read I-I0 for N, = 0 from figure 9,5,
Figure 9,5b shows Ho(ns = 0) for the special case of equal antenna heights. The desired value

is found by interpolation:

Hc,(n_3 <1) = H (n, =0)+ "s[Hd(“s =1)- Ho(ns =0)], (9. 6)

T.he case 7_.= 0 corresponds to the assumption of a constant atmospheric refractive index.
A special case, hte = hre' ¥, =¥, oOccurs frequently in systems design. For this
case HO has been plotted versus r in figures III, 15 to II1, 19 for ng = 1, 2, 3, 4,5 and for
s =0,1, 0,25, 0.5, 0.75 and 1, For given values of Ny and s, Ho is read di_rectly from the
graphs using linear interpolation. No correction term is required, For Mg <.1 the value

of Ho(ns = 1) is read fr‘qm figure 9.3 with =T, and Ho(r}s = 0) is read from figure 9.5

as before;



9.3 The Scattering Efficiency Correction, Fo'

The correction term Fo in (9.1) allows for the reduction of scattering efficiency at

great heights in the atmosphere;
F_=1.086(n_/h )(h -.hl -h  -h ) .db 9.7)
where ym and ho are defined by (9. 3-) and hl is defined as

2
1’11 = SDSBI(I +s), DS zd - st - dLr (9.8)

The heights of the horizon obstacles, h h and the horizon distances d d are defined

. Lt' Lr Lt, Lr
in section 6, All heights and distances are expressed in kilometers,
The correction term F'o exceeds 2 decibels only for distances and antenna heights so

large that hQ exceeds h‘ by more than 3 kilometers,



9.4 Expected Values of Forward Scatter Multipath Coupling Loss
Methods for calculating expected values of forward scatter multipath coupling loss are
given in several papers, by Rice and Daniel [ 1955], Booker and de Bettencourt [ 1955], Staras
[1957], ahd Hartman and Wilkerson [ 1959]. .Thie report uses the most general method available
based on the paper by Hartman and Wilkerson { 1959] .

As explained in section 2, the path antenna gain is

G =G, +G -L db .
P t r ep (-99)

where Gt and Gr are free space antenna gains in decibels relative to an isotropic radiator.
The influence of antenna and propagation path cha_racteristics in determining the loss in path
antenna gain or multipath coupling loss Lgp are iﬁterdependent and cannot be considered
separately.

This section shows how to estimate only that component of the loss in path antenna gain
which is due to phase incoherence of the forward scattered ﬁélds. This quantity is readily ap-
proximated from figure 9,6 as .a function of Mg defined by (9.3), and the ratio. 8/, where
Q= 26 is the effective half-power antenna beamwidth, If the antenna beamwidths are equal,

Q.t = Qr , and if 8 = 1, values of Lgp from figure 9.6 are exac.t. When antenna beamwidths

are not equal the loss in gain may be approximated using Q * \/ﬁtﬂr .

The relation between the free-gpace antenna gain G. in decibels relativ.e to an iso-

tropic radiator and the half power béamwidth & = 25 was given by (2, 5) as:
G=3,50 - 20 log 6§ = 9,52 - 20 log &2 ' db

where .6 and @ are in radians,.

Assguming 56% aperture efficiencies for both antennas,

-%
/2 = 6(a ) * 20,3350 exp [0.0576 (G, + G} (9.10)

where 9 is the angular distance in radians and Gt' Gr are the ifree space gains in decibels,
Section 2 shows that the gain for parabolic dighes with 56% aperture efficiency may

be computed as (2. 7):

G=20log D+ 20 logf-42,10 db
'whe_re D is the diameter of the dish in meters and 'f is the frequency in MHz.
For dipole-fed parabolic antennas where 10 < D/\ < 25, an eﬁpirical correction

gives the following equation for the antenna gain(2, 8):

G=23.3logD+23.3logf- 5561 dbe



The general method for calculating Lgp‘ requires the following parameters:

v= nuIZ. us= 6"/6t (9.11)
For spy=1, n= aolbt. For su=1,nx ‘3‘3/6r (9.12a)

fi = (n + 0,03v)/£(v) (9.12b)
£(v) = [1,36 + 0. 116v] [1 + 0.36 exp(-0.56v)]" } (9. 13)

where Ny» 81 @ and ﬂo have been defined, 6t and 61_ are the effecvti\.re half-power semi-
beamwidths of the transmitting and receiving antennas, respectively, and £f(v) as defined by
{9.13) is shown on figure 9,7,

Figure 9,8 shows L versus n for various values of the product sy, For su < 1 read

figure 9.8 for 1/(su) instead of s=su.

9.5 Combination of Diffraction and Scatter Transmission Loss

For trangmission paths extending only very slightly beyond line-of-sight, diffraction
will be the dominant mechanism in most cases and scattering may be neglected, Conversely,
" for long paths,' the diffracted field may be hundreds of decibels weaker than the scattered
field, and thus the diffraction mechanism can be neglected. In intermediate cases, both mech-
ﬁnisms have to be considered and the results combined in the following manner:

Figure 9.9 shows a function, R(0,5), ‘which depends on the difference between the dif-
fractiot_l and scatter transmission loss. Cglculate this difference (Ldr - Lsr) in decibels,
determine R (0.5) from figure 9.9 and then determine the resulting reference value of hourly

median transmission loss, Lcr' from the relation

Lcr = Ldr - R(oo 5). (9. 14)

If the difference between the diffracted and the scattered transmission loss values exceeds

"15 dB, the resulting value of L-cr will be equal to L .- if it is smaller than Lsr’ or to L"

dr
if this is the smaller value, ' In general, for most paths having an angular distance greater

than 0.02 radians the diffraction calculations may be omitted; in this case, Lcr = Lsr'



9.6 An Example of Transmission L.oss Predictions for a Transhorizon Path

Predicted forward scatter and diffraction losses are computed for a 283 km path from
Dallas to Austin, Texas. The prediction ia compared with measuréments at a frequency of
104, 5 MHz, Figure 9,10 shows ’r.he great circle profile of this path, obt‘ained by the methods:
of section 6, plotted on a linear scale with allowance for the sea lével.curvature. The verti-
_cal acale in the figure is much exaggerated to show some of the detajl of terrain.

The effective earth's radius ié determined as described in section 4, From figure
4.1 minimum monthly values of No are read at approximate horizon locations, ' Appropriate
terrain heighta are uged in (4. 3) to compute horizon values of Ns , whose average is Na =
306, From (4.4) the effective earth's radius is then 8580 km,

A reference value, L .+ of baéic tranamission loss, which corresponds to winter
afternoon conditions, is .comp;.l_ted as shown below. For each parameter the appropriate

equation or figure is referenced,

Path: Dallas to Austin, Texas
d = 283,1 km, f= 104,5 MHz, Ns = 306, a = 8580 km

Parameter Transmitter Receiver Reference
280, 243,91
hts' hrs .80 4 m 43,9 m figure 9, 10
h,, h 135,0 m 9.8 m (6.11) and (6,12)
te’ re o
2
th, er 219.5m 74.3m figure 9. 10
st, dLr 39,6 km 8,8 km figure 9, 10
eet’ eex -3.845 mr +2,933 mr {6.15)
a , p 12,777 mr 19,296 mr (6.18)
oo’ oo :
Bot, Gor 0,768 mr 3.961 mr (6.16)
,d 130,72 km 103.95 km (6. 20)
st “sr :
Aa , Aﬁo 0,057 mr 0,021 mr figure 6.9
. ﬂo 12,834 mr 19,317 mr (6. 19)

Thie angular distance © = 32,151 mr = 0,032151 radians and the product 0d is 9, 10,

n

The ratio of ato/ Py
and IIT, 13 is F(04) = 167.0 db, From (9. 3) the height ho = 2,18 km, and '|'|s = 1,06, From
1= 19,01, Ho-(rl) = 0,15 db, T, = 1.38, and Ho(rz) =
13,5 db, From figure 9,4 and {9.5) AHo = 0,61 and Ho = 7.40 db, ' The correction term

8 = 0.664. Then the function F(8d) from figure 9.1 or figures IIL 12
{9.4) and figure 9,3 the parameters r

Fo defined by (9, 7) is negligible. Figure 3,6 shows that the allowance for absorption.
\Aa = 0.01 db. ,
The reference value Lbsr of long.term median basic transmission loss due to for-

ward scatter given by (9.1) i# then



30 log f = 60,573
20 log d = 49.038
F(od) = 167.0 figure 9,1
Fo =0 (9.7
H =7.40 (9.5)
Aa=0.01 figure 3.6

and Lbsr = 186 db,

Although this is almost certainly a scatter path, the diffraction loss for a tranghorizon
path is computed as an example. For horizontal polarization over average ground figures
8.1 and 8,2 show K(a =8497) =0.00} and b= 93°, The following additional parameters

are computed:

Reference _
a = 5808 km, a, = 3951 km, ' a = 9179 km, a = 5804 (8.8) and (8.9)
G, = 1135 C,,=1.291 C,, = 0.975 c = 1.136 (8.13)
Kl =0,001135 KZ=0.001291 Kt=0.000975 Kr=0.001136 (8.13) .
Bl = 1,6059 B, = 1,6058 Bt = 1.6062 B = 1, 6059 figure 8.3
Cl(Kl) = 20,03 CI(KZ) = 20,03 CI(KI, Z) = 20,03 figure 8.4
x, = 385.85 x, = 112,25 x, = 2452.37 (8.12) and (8.13)
F(x)) = ~11.0 F(x,) = -34.5 ' figure 8. 6

Gix ) = 107.14 (8.4)

Then from (8, 10) the atfepuation relative to free space A = 132,61+ Aa = 132,62 db,

The free space loss (2.16) is L. .= 121.87 db and the long-term median median trans-

bf
mission loss due to diffraction Lbd = 254,5 db, As expected thie is much more than the
predicted scatter loss and the long-term reference value L = L = 186 4as,

. cr bsr
Long-term variability of hourly median basic tranamission loss over this path may

be computed using the methods described in section 10. . An "effective' distance, de' is
_corﬁputed using (10.3), The appropriate value of V(0.5 de) is read from figure III, 32 of
annex III, and subtracted from Lcr to obtain the long-term median transmission loss.
Yariability about the median is then determined as a function Y(q, de). The effective dis-
tance de is computed using (10.1), (10.2) and (10. 3b}, ds| = 64.0 krn, d_ = 62.6 km, and

L
d, = 286.4 km. From figures 10,14, 10,15, III. 32 and from (10, 6) the following parameters

are;

Parameter ‘Summer Wiriter All Hours Reference
(0.5, d ) 5.0 10 3.0 figure III. 32
¥(0.1,d, 100 MH2)7.75 7.05 1.75 figure 10.14
Y(0.9, de. 100 MH%-6,35 -6,35 -6.35 figure 10, H
glo.1, 9 ‘1,055 1,055 1,055 figure 10, 15
gl0.9, 9 1,055 1,065 1,065 figure 10,15

0. 1) 8,18 . 7.44 8.18 (10.6)
¥(0.9) _=6.70 -6, 170 =6.70 (10.6)

S-9



Using the reference value Lcr = 186 db and the ratios given in (10, 7) the predicted cumula-

tive distributions for summer, winter and all hours are tabulated below:

L(a in db
q Summer Winter All Hours
0.0001 153,8 i60.2 1558
0.001 158,7 164.7 160.7
0.01 164.6 170, 1 166.6
0.1 172.8 177.6 174.8
0.5 181,0 185,0 183.0
0.9 187, 7 191,7 189. 7
0.99 193,2 197.2 195.2
0.999 197.1 201.1 199, 1-
0, 9999 200, 4 204.4 202.4

These cumulative distributions are shown graphically on figure 9. 11 together with
distributions derived from measurements over the pa‘xth.. The data represent more than
23, 000 hourly medians from measurements over a period of more than 3 years, The ar«
rows on the curves at 0.001 indicate that logses were less than the values plotted while

those at 0.99 and 0. 999 indicate that the losses were greater than the values plotted,

An example .may be included here of the method of mixing distributions described in
subsection III. 7,2. The summer and winte.r distributions of data may be mixed in order to
obtain the distribution of hourly median values for all houra. Several levels of transmission
loss from 165 to 195 db are chosen and the value q is read from figure 9.11 for each dis-
tribution, A weighted average is then obtained at each level to provide the mixed distriBu~
tion .of data corresponding to all hours, The weights are the number of hours of data in eaéh

(@ x 12,160 + q x 11, 134).
winter summer

s . 1
case and the weighted average is 33,294



Level 9 inter 9, ummer Average q-(all hours)
165 <0,0005 0.017. 0.0084

170 0.021 0.105 0.061

175 0.083 0.292 0.183

180 0.242 0. 590 0.408

185 0.50 0.883 0.683

190 0.86 0.987 0.921

195 <0.9975 >0.9985

The weighted averages of ¢ are p;lotted on figure 9.11 at each of these levels of
transmission loss and show very good agreement with the distribution obtained directly
from the data.



F{8d) N DECIBELS

THE ATTENUATION FUNCTION, F(8d)

d IS IN KILOMETERS AND & IS IN RADIANS
(0.7555<1)

Figure 9.
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THE PARAMETER H FOR 7 =0 AND hyo =h,,
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LOSS IN ANTENNA GAIN, Lgp
assuming equal free space goins Gy and Gy
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THE MEDIAN, Ry5, FROM THE CUMULATIVE DISTRIBUTION OF THE
RESULTANT AMPLITUDE OF A CONSTANT DIFFRACTED FIELD
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10 LLONG-TERM POWER FADING

The variability of troposphenc radio transmission loss depends upon changes in the
atmosphere and upon complex mterrelatmnships betWeen various propagation mechanisms.
Short-term variability or 'phase mtex_'ferem:e iading,“ assocxated with simultaneously oc-
curing modes of propagationv. is discussed in annex V, The effects of this type of fading ex~
pected within an hour are allowed for by determmmg an hourly median rms-carrier-to-rms-

’nmse ratio which defihes the grade of service that will be provided, Long-term power fading,
-identified with the var-ia,bxl:ty of hourly median values of transmission loss, is usually due to
slow changes in'average atmospheric refraction, in the degfee of atmospheric stratification,
or in the intensity of refractive index turbulence,

An estimate of the long-term power f_ading to be expected over a given path is impor-
tent  to insure adequate service over the path, ‘The possibi.l-ity that unusually high inter-
fering fields may occur for an appreciable fraction of time places restrictions on ser-
vices operating on tha _sam_e or adjacent frequencies, The basis for the mainly empirical pre-
dictions of long-term variability giQen here needs to be well understood in order to appreciate
their value as well as their 1im'ita.tions.. . .

An increase in atmospheric refraction increases long distance diffraction or forward
scatter fields but may lead to multip;.th fading problems over short pé,ths. Increased turbu-
lence of the atmosphere may result in éither an increase or a decrease of radio transmission '
loss depending on the geometry of a particular path and 6n the dominance of various propaga-
tion mechanisms, Increased stratification favors propagation by reflection from elevated
layers and somenmes the guiding of energy by ducts or layers. Such stratification usually
increases long- chstance fields but may be assocuted with prolonged fadeouts at short distances.

Just beyond radio line-of-sight, fading tate and fading range depend in a-very complex
manner on the relative importance of various propagation mechanisms. During periods o.f
la);ering and ducting in the atmospheré. transmission loss shows a tendency to go into relatively
deep !ades, with durations from less than a minute to more than an hour. Ordinarily a dif-
fraction slgnal fades slowly if at all, and the fades are of relatively short duration and very
deep. A tropospheric forward gcatter s1gna1, on the other hand, exhibits the rapid and severe
fading characteristic of the Rayleigh distribution. An intermediate type of fading results when
the scattered power is nearly equal to power intr'od.uced by some mechanism such as diffrac-
tion, for which the variation in time is usually vel:y slow, Aircraft reflections introduce
rapid, intense, and relatively regular fading., Meteor bursts and some types. of ionospheric
propagation ;dd_ spikes to a paper chart record,

Space-wave fadeouts { Bean, 1954] may represent power fading due to defocusing of

radio-enérgy in some regidns of space, (radio holes) accompanied by a focusing effect and
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gignal enhancement in other regions [Doherty, 1952; Price, 1918], or may éorrespond to
phase interferénce fading phenomena.. In temperate continental climates, space-\&ave fade-
outs are likely to occur primarily at night and most frequently during the summer months;
they are more frequent at UHF than at VHF, and their occurrence can be correlated with
the occurrence‘of ground-modified refractive index prbfiles [Barsis and Johnson, 1962].
Such fading predoininates in geographic areas where Jayers and ducts occur frequ.enuy.' Or=~
dinaty spac.e diversity does not appear to be helpful in overcoming this type of fading. Dur-
ing periods of uniform refractive-index lapse rates, érolonged fadeouts are much less in<
tem_ae or do not _exist. Sometirhe’s those tﬁat do exist are caused by multipath reflections
which arrive in such 2 phase and amplitude relationship that a slight change in the lapse |
rate will cause a large change in the resultant field, The latter type can be oveércome in
most instances by either relocating the terminal ‘antennas or by the use of space diversity,

General discussions of the time fading of VHF and UHF radio fields will be found in
reports by Bullington [ 1950], .du Castel [ i957a], Chernov [ 1955],Groaskopf [ 1958],
Krasil'nikov [1949], Troitski [1957\)] ; and Ugai [1961] . Silverman [1957], discusses some
of the theory of the short-term fading of scatter signals, Bremmer [ 1957] discusses sigl:lal
distortion due to tropospheric scatter, while Beckmann [ 1961b] considers related depolari-
zation phenomena,

The observed correlation of radic data with various meteorological parameters is
discussed by Bean [ 1956, 1961], Bean and Cahoon [1957], du Castel and Misme [1957].
Josephson and Blomaquist [1958], Misme [1958, 1960a, b, ¢, 1961], Moler and Holden
[1'?60], and Ryde [1946]. Meteorological parameters such.as surface refractivity and the
height gradient.of refractive index have been found more useful as a basis for predicting
regional changes than for predicting diurnal or seasonal variations, In this report meteor-
ological information has been used to distinguish between climatic regions, while radio data
are depended on to pfedict long-term variability about the computed long-term median value
in eéch of these regions,

The basic data used in developing these estimates of long-term power fading were
recorded in various parts of the world over more than a thousand propagation paths. Path
ciist.ances extend from within line-of-sight to about 1000 kilometers, and frequencies range
from 40 MHz to 10 GHz.

As more data are collected, particularly ih regions where little information is cur-
rently available, these estimates should be re-examined and revised, Allowances should
sometimes be ﬁxade for predictable long-term Qariations in antenna gain, interference due to
reflections from aircraft or satellites, and variations in equipment performance. Micro-

wave attenuation due to rainfall, discussed in section 3, should be allowed for in estimating
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the variability of transmission loss at frequencies above 5 GHz. The long-term 'var{ability
of oxygen and water vapor absorption may be important above 15 GHz.

It is often desirable to specify rather preécisely the conditions for which an estimate
of power fading characteristiqn is desired. For instince, the average frequency dependence
of long-term variability over a given type of profile depends critically on the relative dom-
inance of various propagation mechanisms, and this in turn depends on climate, season,
time of day, and average terrain characteristics. When it becomes possible to describe the
actual inhomogeneous, stratified, and turbulent atmosphere more adequately, it should also
be found worthwhile to "mix" predicted curnulative distributions of transmission loss for a
variety of ﬁropagation mechanisms,

Three important effects of the atmogphere on radio propagation are considered, The
amount a radio ray is bent and the intensity of atmospheric turbulence are usually correlated
with the surface refractivity, N. . The intensity and stability of various types of stratifica=
tion in the atmosphere are often not well correlated with N’ . Rough terrain and high winds
both tend to increase mixing in the atmosphere and consequently reduce the occurrence of

superrefractive layers.
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10,1 Effects of Atmospheric Stratification

Ground-based superrefractive layerd tend to trap radio energy which is propagated
within the layer in 2 manner similar to that in a waveguide, A Ynormalt gradient of refrace
tive index at the surface of the groun& ts about ~50 N/km, a ground-based superrefractive
layer has a gradient from -100 to 157 N/km. .Surface Iayers with stronger negative re-
fractive index gradients may form ducts in which radio energy is refracted to such a degree
that it follows the curvature of the earth. If a radio beam is elevited above a minimam angle,
usually lesas than half a degree, the energy penetrates and e.aca.peu the duct,

If a transmitter radiating energy in.a horizontal direction is located in a duct, the the-
oretical radic horizon distance over a smooth spherical earth would be infinite, Cn the other
hand in a layer with a subrefractive gradient, (pésitive values of refractive index gradient)
the energy is refracted upwards and the corresponding horizon distance may be much less
than that with a normal gradient, For example, & trangmitting antenna 50 m above a gmooth
earth would have a radio horizon distance of about 30 km with a "normal" gradient of about
-50-N/l_<m, but the horizon distance might be as little as 8 km.- under subrefractive condi-
tions or as much as 3 to 5 times the normal distance in a ground-based duct. Such changes
would result in marked variations in corresponding values of transmission loss,

The minimum radic frequency that may be trapped by & duct depends on its total thick-
ness and the average refractive index gradient within it, Rather thick, strong ducts will trap
frequencies of 300 MHz or less, somewhat weaker and thinner ducts will trap higher fre.
quencies, Freguencies as low as 30 MHz would rarely be trapped, A duct that traps fre-
quencies of about 1000 MHz will guide higher frequencies even more strongly while lower
frequencies will exhibit greﬁter attenuation or may not be trapped at all,

It is difficult to predict the fraction of time that high fields due to ducting conditions
may be expected to occur. Figures 10.1 to 10,12, which are reproduced from a World Atlas
of Atmospheric Radio Refractivity by Bean, Cahoon, Sémson and Thayer [1966], show the
perceﬁuge of time ground-based ducts may occur. These maps are hased on radiosonde
data recorded at about 100 weather stations, usually for a period of 5 years. The months
of February, May, Au.gust and November were selected as representative of the seasons,
Unfortunately few stations recorded profiles more than once & day 80 no information on di-
urnal trends is included. These maps show for frequencies of 300, 1000 and 3000 MHz the
percentage of observations in each of the four “seasonal'.' months that trapping of radio waves
may be expected to ocﬁur. Such maés indicate general or regional conditions but more in-
formation would be required for detailed local predictions,

In large areas of the world, primarily ove.r temperate oceans and arctic areas, the
incidence of ducting ig less than cone pei‘(_:ent. Strong ground-based ducts are mogt common
in tropical and subtréﬁical‘regionu from 0° to 30" north iatitude, especially in western
coastal areas and the Persian Gulf, Strong ducting conditions, for frequencies of 3000 MHz

and above and centered on the Peraian Gulf may occur as much as 75 percent of the time in
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August and only 10 percent of the time in February. In contrast to this on the west coast of
Africa, about 15° north latitude, ducting conditioﬁu occur about 50 percent of the time in
February and November and only 20 to 30 percent of the time in the summer months. Strong
subrefractive conditions, with corresponding increased transmission loss, may occur more
than 2 percent of ‘the time in tropical Africa, the east coast of South America, the eastern
Mediterranean, southeastern Asia and northern Australia.

Some of the better-known maritime areas of superrefraction were listed by Booker
[1946). These include the west coasts of Africa and India, the northern part of the Arabian
sea especially around the Persian Gulf in summer, and the northern part of Australia, Par-
ticularly during summer months ducting conditions occur in Atlantic coastal areas of Europe,
the eastern Mediterranean, the Pacific Coastal areas of China, and in Japan. These early
observations of the occurrence of ducting cc;nc_litionn are reflected in the series of world-wide
rﬁapu. figures 16. 1to 10,12, It is apparent that the moast intende superrefraction is en-
countered iﬁ tropical climates, in trade wind areas, and in most of the principal deserts of
the world,

High fields due to ground-based d\.{cta are essentially a fine weather phenomenon. In-
land, during fine weather, ducting is most noticeable at night, Over the sea ducting is most
marked where the warm dry air of an adjacent land-maass extends out over a comparatively
cool sea, Areas of divergence, which favor elevated duct formation, ‘appear to be most
peuiitent OVer ocean areas from 10° to 40° north and south latitudes, especially during
winter months, [Moler and Holden, 1960; Randall, 1964]. Elevated ducts are usually less

important than ground-baged ducts for tropospheric propagation.



10,2 Climatic Regiénl

Climatic regions may be defined in several different ways: (1) by geographic areas on .
a map, (2) by average meteorological conditions, (3) by the predominance of various propa-
gation mechanisms or (4) by averages of available data. In various so-called climates, ' at
different times of day or seasons of the year, different propagation mechanisms may be dom-
inant, For example, in a continental temperate climate the cbardctéxhﬂ.cn of & recelved
signal over a given path may be quite different in the early rmorning hours in May thnn’durlng‘ .

- the afternoon ﬁonrl in February.

Based on our current knowledge of meteorological conditions and their effects on radio
propagation, the International Radio Consultative Committee [ CCIR 1963 f] has defined sev-

' efnl “climates." A large amount of data is _tvaihble from continental temperate and mari-
time temperate climates. Other climatic regioni. where few data are available, are dis_-
«cussed in annex JII. The division into radio climates is somewhat arbitrary, based on present
knowledge of ra_dio meteorology, and is not necessarily the same as the division into meteor-
ological climates [ Haurwitz and Austin, 1944].

Wor}d maps of minimum monthly mean No' figure 4.1, and of the annual range of .
monthly mean N’ , figure III, 31, may be useful in deciding which climate or climates are
applicable in a given region. The boundaries between various climatic regions are not well
defined, In some cases it may be necessary to interpolate between the curves for two cli-
mates glving additional weight to the one whose oécurre_nca is congidered more likely,

Some important characteristics of the climatic regions for which estimates of time
variability are ahWn, are noted below:

1. Continental Temperate characterized by an annual mean Ns of about 320 N-units

with an annual range of monthly mean N! of 20 to 40 N-units, A continental climate ina
large land mmass shows extremes of temperature in a ""temperate! zone, such as 30° to '60°
north or south latitude. Pronounced diurnal and seasonal changes in propggaﬁon are expected
to occur. . On the east coast of the United States the annual range of NB may be'.&u much as
40 to 50 N-units due to contrasting effects of arctic or tropical maritime air masses which

may move into the area from the north or from the south,

2, 'Maritime Temperate Overland characterized by an an_nual mean Ns of about
320 N-units with a rather amgl_l annual range of monthly mean N' of 20 to 30 N-unitse,
Such climatic regions are usually located from 20° to 50° north or south latitude, near the
sea, where prevailing wi.ndﬁ, unobstructed by mountains, carry moist maritime air inland.
These conditions are typical of the United Kingdom, the west coasts of North America and
Europe and the northwestern coastal areas of Africa.

Although the islands of Japan lie within this range of latitude the climate differs in
showing a much greater annual range of monthly mean’ N’, about 60 N-units, the prevailing
winds have traversed a large land rmass, and the terrain is rugged. One would therefore not

expect to find radio propagation conditions similar to those in the United Kingdom although
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the annual mean N' is 310 to 320 N-units in each location. Climate ] is prbbably more ap-
propriate tha_n climate Z-in this area, but ducting may be important in coastal and over-sea
areas of Japan &3 much as 5 percent of the time in sumner.

3. Maritime Temperate Ovex:uea coastal and oversea areas with the same general

characteristics as those for climate 2, The distinction made is that a radio path with both
horizons on the sea is considered to be an oversea path; otherwise climate 2 is used. Ducting
is rather common fo;- a small fraction of time between the United Kingdom and the European
Continent, and along the west coast of lj.he\ United States and Mexico,

4. Maritime Subtropical Overland characterized by an annual mean N_ of about 370

N-units with an annual range of monthly rmean N. of 30 to 60 N-units. Such climates may
be found from about 10° to 30° north and south latitude, usually on lowlands near the sea
with definite rainy and dry seasons. Where the land area is dry radio-ducts may be present
for a considerable part of the year,

5. Marltime Subtropical Oversea conditions observed in coastal areas with the same

range of latitude as climate 4. The curves for this climate were based on an inadequate
amount of data and have been deleted. It is suggested that the curves for climates 3 or 4
be used,selecting whichever seems more applicable to each specific case.

6, Desgert, Sahara characterized by an annual mean N' of about 280 N-units with
year-round semiarid conditions. The annual range of monthly mean Ns may be from 20
to 80 N-units,

7. Equatorial a maritime c.limate with an annual mean N. of about 360 N-units and

- annual range of 0 to 30 N-units, Such clitnates may be observed from 20°N to 20°5
latitude and are characterized by monotonous heavy rains and high average summer tem-
peratures. Typical equatorial climates occur along the Ivory Coast and in the Congo of
Africa,

8. Continental Subtropical typified by the Sudan and monsoon climates, with an an-

nual mean Na of about 320 N-units and an annual range of 60 to iOO N-units, Thisis a
hot climate with seasonal extremes of winter drought and summer rainfall, usually located
from 20° to 40°N latitude, |

A continental polar climate, for which no curves are gshown, may also be defined,
Temperatures are low to moderate all year round, The annual mean Ns is about 310 N-
units with an annual range of monthly mean 'N. of 10 to 40 N-unitg. Under polar condi-
tions, which may occur in middle latitudes as well as in'polar regions, radio propagation
would be expected to show somewhat less variability than in a continental temperate climate,
Long-term median values of tranamission loss are expected to agree with the reference
values L.::r

High mountain areas or plateaus in a continental climate are characterized by low
values of ‘N! and year—rognd semjarid condﬁtionq. The central part of Australia with its
Jhot dry desert climate and an annual range of \N! as much as 50 to 70 N-units may be

intermediate between climates 1 and 6.



Prediction of long-term median reference valyes of transmission loss, by the methods
of\uec_tions 3 to 9, takes advantage of theory in allowing for the effects of path geometry and
radio'ray refraction in a standard atmosphere. Met;e'orological information is used to dis-
tinguiéh between cliimatic regions., Median vélues of data available in each of these regions
are related to the long-term refergnce value by means of a parameter V(0.5, 'd‘e) which is -
a function of an "effective distance, " de' defined below., Long-term fading about the median
for each climatic region is plotted in a series of figures as a function of de7 For regions
where a large amount of data is available, curves are presented that show frequency-
related effects. (Seaﬁonal and diurnal changes are given in annex I1I for & éc_mtinental teme

perate clirnate,)

10. 3 The Effective Distance, de

Emplrical estimates of long-term power fading depend on an effective distance, de,
which has been found superior to other parameters such as path length, angular distance,
digtance between actual horizons, or. distance between theoretical horizons over a smooth
earth. The e.ﬁective distance makes allowance for effective antenna heights and some al-
lowance for freciuency.

Define Om as the angular distance where diffraction and forward scatter transmis-
sion loss are approximately equal over a smooth earth of effective radius a = 9000 kilo-

meters, and define dBl as 9000 esl", Then:

i
3

dﬁl = 65(100/%) km. (10. 1)
The path length, d, is compared with the sum of dsl and the smooth-earth distances

to the radio horizons:

d, = 2h Zh km, 10.2
L 3N te + 3V re KM ( )
‘where the effective antenna heights hte and hx;e are expressed in meters and the radio
fi‘equency f in-MHz,

. It has been observed that the long-term variability of hourly medians is greatest on

the average for values of d only slightly greater than the sum of d“ and dL . The ef-
fective distance de is arbitrarily defined as:
for dEdL+dsl, de= 130 d/(dL+d“) km (10, 3a)
for d>dL+d5x de= 130+d-(dedm) km. (.10.3b)
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10.4 The Functions V(0.5, de) and Y(q, de)
The predicted median long-term transmission loss for a given climatic region Ln(O. 5),
characterized by a subscript n, is related to the calculated long-term reference value Lcr

by meansg of the funct16n V(o. 5, d )
L ‘0, 5).-’— L -V ‘() 5, d ’ db (10.4’
n- cr n e

where Ln (0.5) is the predicted transmission loss exceeded by half of all hourly medians

in a given climatic region. Vn(O. 5, de) is gshown on figure 10.13 for several climates as a
function of the effective distance de . For the special case of forward scatter duriqg winter
afternoons in a temperate continerntal climate, V(0.5) =0 and L(0.5) = Lcr . In all other
cases, the calculated long-term reference value Lcr should be adjusted to the median

L“(_O.' 5) for the particular climatic region or time period congidered. The function F(0d)

in the scatter prediction of a long-term reference median contains an empirical adjustment

to data. The term V(0.5 de) provides a further adjustment to data for all propagati:on mecha-
nisms and for different climatic regions and periods of time,

In general, the transmission loss not exceeded for a fraction ¢q of hourly medians is
Lig=L (0.5 -Y (qd) db (10. 5)

where Yn(q, .de) is the variability of Ln(q) relative to its long-term median value Ln(O. 5),
For a specified climatic region and a given effective distance, the cumulative distribution of
trla.n'srhisuion loss may be obtained from (10.5). In a continental temperate climate trans-
mission loss is often nearly log-normally distributed, The standard deviation may be as
much ag twenty decibels for ghort tranghorizon paths where the mechanisms of diffraction
and forward scatter are about equally important. When a propagation path in a maritime
temperate climate is over water, a log-normal distribution may be expected from I1.(0.5)

to 1.0.999), but considerably higher fields are expected for small fractions of time when

pronounced superrefraction and ducﬂng are present,

10-9



10,5 Continental Temperate Climate

Data from the U.S.A,, West Germany, and France provide the basis for predicting
long-term power fading in a continental temperate climate. More than half a million hourly
median values of basic transmission loss recorded over some two hundred paths were used
in developing these estimates.,

Figure 10.14 shows basic estimates Y(q, 100 MHz) of variability in a continental
temperate climate. Curves are drawn for fractions 0,1 and 0,9 of all hours of the day for
summer, winter and all year for a "tybical" year. In the northern temperate zone, "gummer"
extends from May through October and "winter!" from November through April,

A “irequency factor" g(q, f) shown in figure 10. 15 adjusts the predicted variability to

allow for frequency-related effects:
Y(a) = Y(q, d_, 100 MHe) g(q, £). (10.6)

The function g(q, f) shows 2 marked increase in varjabjlity ag frequency is increased above
100 MHz to a maximum at 400 to 500 MHz, Variabllity then decreases until values at 1 or
2 GHz are similar to those expected at: 100 MHz, The empirical curves g2(q, f) should not
be regarded as an eatimate of the dependence of long~-term variability on frequency, but rep-
resent only an average of many effects, some of which are frequency-sensitive. The apparent
frequency dependence is a function of the relative dominance of various propagation mecha-
nisms, and this in turn depends on climate, time of day, season, and the particular types of
terrain profiles for which data are avallable., For example, a heavily forested low altitude
path will usually show g:;eater variability than that observed over a treeless high altitude
prairie,and thia effect is frequency sensitive.. An allowance for the year-to-year variability
is also included in g(q, f) . Data summarized by Williamson et al.[ 1960] show that L(0. 5)
varies more from year to year than Y{g). Au_uming 2 normal distribution of L within each
year and of L1(0.5) from year to year, I. would be normally distributed with a median equal
to L{0.5) for a 'typical" year. Y(q) is then increased bya cpnutﬁnt factor, which has been
included in g(q, £f).

Estimates of Y(0.1) and Y(0.9) are obtained from figures 10.14, 10.15 and from equa-
tion 10, 6. Thege estimates are uged to obtain a predicted cumulative distribution using the

following ratios:’

Y¥(0,0001) = 3,33 Y(0.1) ¥(0,9999) = 2.90 Y(0.9)
Y(0.001) = 2,73 Y(0.1) ¥(0.999) =2.41 Y(0.9) (10.7
Y(0.01} - = 2.00 Y(0.1) Y(0.99) = 1.82 Y{0.9)

For example, agssume f = 100 MHz, de = 112 km, and a predicted reference median
basic transmigsion loas, Lbcr =179 db,_ so that V(0,5 de) = 0.9 db, (figure 10,13),
Y(0.1, d_, 100 MHz) = 8.1 db, and Y(0.9, d , 100 MHz) = -5.8 db, (figure 10,14), g0.1, §) =
80,9, £) = 1.05 {figure 10.15). Then Y(0.1}) =1.05Y(0.1, 4 , 100 MHz) = 8.5 db, and

¥(0.9) = 1.05 ¥(0.9, d_, 100 MHz) = -6.1 db. Using the ratios given above;
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Y(0.0001) = 28.3, Y(0.001)+~23.2, Y(0.0l1l)+=8,5,
Y(0.9999) = -17.7, Y(0.999) = -14,7, Y(0.99) = -11,1, Y(0.9) = -6.1.

The median value is
L (0.5 =L, - V(0.5 =178.1 db

and the predicted distribution of basic transmission loas is;
1.(0.0001) = 149,8, L(0.001) = 154.9, L(0.0l) =161.1, 1(0.1)= 169, 6, 1(0.5) = 178.1,
1(0.9) = 184.2, 1(0.99) =189.2, L(0.999) = 192.8 and L(0.9999) = 195.8 db.

These values are plotted ag a function of time availabl.lity, g, on figure 10. 16 and show
a complete predicted cumulative distribution of basic tranlrﬁisnipn loss,

For antennasg elevated above the horizon, as in ground-to-air or earth-to-space com-
munication, less variability is exi:qcted. This is allowed for by a factor f(eh) discussed in
annex III. For transhorizon paths f(eh) is unity and does not affect the distribution. For
line-of-aight paths {{ eh) is nearly unity unless the angle of elevation exceeds 0,15 radians,

Allowance must sometimes be made for other aources of power fading such as atten-
uation due to rainfall or interference due to reflections from aircraft that may not be ade-
quately represented in available data, For example, at microwave frequencies the distribu-
tion of water vapor, oxygen, rain, snow, clouds and fog is important in predicting long-term
power fading, Let Y, , Y

1 2
gources of variability, and let pij be the correlation between variations due to sources i

- - - Y _ represent estimates corresponding to each of these

and j. Then the total variability is approximated as:

‘2 < 2 v
ey r@ezy vy, (10.8)
i 1, 71 :
i<

where Y(q) 1is positive for q < 0.5, zerofor q = 0.5, and negative for q > 0.5, Section 3
shows how to estimate Yl(q) and Yr(q) for ntmonphex.-ic absorption by oxygeﬁ and water
vapor, and for rain absorption respectively, Let p)abe the correlation between variations
Y of available ’data and variations -Ya due to microwave absorption by oxygen and water
vapor, Let Py -be the correlation between 'Y and Yr' Assuming that p1a= 1, p. _=0.5,

1T
and Par ™ 0,

Yz(q)=(Y+Ya)Z+Yf+YYr (10.9)

This method was used to allow for the effects of rainfall at frequencies above 5 GHz for

fractions. 0.99 and 0.9999 of all hours in figures 1.6 to I. 11 of annex I.
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Figures 10,17 to 10, 22 show variability, Y(q) about the long-term median value as a
function of de for period of record data'in the following freque.ncy groups; 40-88, 88-108,
108250, 2504450, 450-1000, and > 1000 M.{z, ‘The vucven on the figures show predicted
values of Y(q) for all hours of the year at the median frequency in each group, Thege me--
diang are: .47. 1, 98,7, 192.8, 417, 700, and _ 1500 MHz for data recorded iﬁ a continental
temperate climate. -Equation (10.6) and figurés 10,14 and 10, 15 were used to obtain the
curves in figures 10,17 to 10,22,

An analytic function fitted to the curves of V(0.5, de) and Y(q. de' 100 MHz) is given
in annex III. Diurnal and seasonal variations are also discussed and functions listed to pre-

dict variability for several times of day and seasons,

10,6 Maritime Temperate Climate
Studies made in the United Kingdom have shown appreciable differences hetween propa-
gation over land and over sea, particularly at higher frequencies, Data from maritime
temperate regions were therefore classified as overland and oversea, where oversea paths
are categorized as having the coastal boundaries within their radio horizons. Paths that ex-
ténd over.a mixture of land and gea are included with the overland paths,

The data were divided into frequency groups as follows:

Bands I and II (40-100 MHz)
Band IIL (150250 MHz)
Bands IV and V (450-1000 MHz)

Long-term variability of the data for each path.about its long-ierm median value is shown as
a function of effective distance in figures 10.23 to 10, 28. Curves were drawn through
medians of data for each fraction of time q = 0,0001, 0,001, 0,01, 0.1, 0,9,.0,99, 0,999,
0.9999.  Figures 10,23 to 10,28 show that it is not practical to use a formula like (10. 6)
for the maritime temperate climate, because the frequency factor g(q, f) is not independent
of de , as it is in the case of the continental temperate climate. Tbe importance of tropo-
spheric ducting in a maritime clifmate is mainly responsible for this difference.

These figures demonstrate greateér variability oversea than overland in all frequency
groups, The very high fields noted at UHF for small fractions of time are due to per
sistent layers and ducts that guide the radio energy. In cases of propagation for great dis-
tances over water the fields approach free Qpace values for small fractions of time, Curves
have been dri-a.wn for those distance ranges where data permitted reasonable estimates,
Each curve is solid where it is well supported by data, and is dashed for the remainder of

its length,
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10.7 Other Climates

A limited amount of data available from other climatic regions hasg been studied, [ CCIR
1963f], Curves showing predicted variability in several climatic regions are shown in annex
I11, figures III.25 to III.29,

At time! it may be necessary to predict radio performance in an area where few if any
measgurements have been made, In such a case, estimates of variability are based on what-
ever is known about the meteorological conditions in the area, and their effects on radio propa-
gation, together with results of studies in other clima.fic regions, If a small am;)unt of radio
data is available, this mady be compared Witil predicted cumulative distributions of transmis-
sion loss corresponding to somewhat similar meteorological conditions., In this way estimates

for relatively unknown areas may be extrapolated from what is known.

lO.é Variability for Knife-Edge Diffraction Paths
The variability of hourly medians for knife~edge diffraction paths can be estimated by
congidering the path as consisting of two line-of-sight paths in tandem, The diffracting knife~
edge then constitutes a common terminal for both liﬁe-of-sight paths. The variability of
hourly median transmission loss for each of the paths is computed by the methods of this sec~

tion and characterized by the variaﬁility functions
V(@) = V,(0.5) + Y () db
Vz(q) = VZ(O. 5) + Yz(q) db

During any particular hour, the total variability function ‘' V for the diffraction path would be
expected to be the sum of Vl plus V,. To obtain the cumulative distribution of all values
of V applicable to the total path a convolution of the individual variables Vi and VZ may
be employed [ Davenport and Root, 1958},

Assuming that V’l and VZ are statistically independent variables, their convolution

is the éﬁmulatlve digtribution of the variable V = V1 + VZ . The curnulative distribution of

V may be obtained by selecting n equally-spaced values from the individual distributions

of Vl(q) _a.nd Va(q) , calculating all poaﬁible sums V. = Vl + V”. and forming the cumu-

k

lative distribution of all values- Vk obtained in this manner,

Another method of convolution that gives good results requires the calculation and

i

ordering of only n, insgtead of nz, values of V., As before Vl(q) and Vz(q) are obtained
for n equally spaced percentages, Then one set is randomly ordered compared to the other
so that the n gums V = V1‘+ V2 are randomly ordered. The cumulative distribution of
these sums then provides the desired c.orlvolution of V1 and V_., If the distribution of

2

Vl - Vz is desired this is the convolution of Vl ~and ~VZ .
Computations required to estimate long-term variability over a knife-edge diffraction

path are given in the example described in section 7.5,
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Percent of Time Trapping Frequency is Less Than 3000 MHz: August
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Percent of Time Trapping Frequency is Less Than 3000 MHz: November
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Percent of Time Trapping Frequency is8 L.ess Than 1000 MHz: May
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Percent of Time'Trapping Frequency is Less Than 1000 MHz: November
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Percent of Time Trapping Frequency is Less Than 300 MHz: February
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Percent of Time Trapping Frequency is Less Than 300 MHz: May
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Percent of Time Trapping Frequency is Less Than 300 MHz: August
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Percent of Time Trapping Frequency is Less Than 300 MHz: November
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V{05, d) IN DECIBELS

THE FUNCTION V (05, dg) FOR 8 CLIMATIC REGIONS
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Y(0.9,d, 100MHz)
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POWER FADING ADJUSTMENT FACTOR g(q,f)

BASED ON' U.S. OVERLAND DATA
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BASIC TRANSMISSION LOSS L,(q)

EXAMPLE OF A CUMULATIVE DISTRIBUTION L, (q) VERSUS q
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12, LIST OF SYMBOLS AND ABBREVIATIONS

In the following Mst the English alphabet precedes the Greek alphabet, and lower-case
letters precede upper«case letters, As a general rule, upper-case letters have been used for
quantities expressed in decibell.. for example w, is tranamitter power in watts, and Wt is
transmitter power in decibels above one watt, When the upper-case symbol is the decibel equiva-
lent of a lower-case symbol they are usually listed together. Symbols that are used only in an
annex are defined at the end of the appropriate annex, in Volume 2.

Sometimes a symbol may be used in qul';e different contexts, in which cage it is ligted for

each separate context. Subscripts are used to modify the meaning of symbols. The order is:

1. S8ymbol without a subscript h

2, Symbol with a subscript, (letter subscripts in alphabetical hr
order followed by number subscripts in numerical order h1
Symbol as a special function, h{x)

4., Abbreviations, ht

Following each definition an equation number or section number ig given to gshow the term
in its proper context,. Where applicable, reference is made to a figure.

Throughout the report, logarithms are to the base 10 unless otherwise noted,

a Effective earth's radius, allowing for average radio ray bending near the surface of the
earth, (4.4) flgure 4.2,

a, An'equivalent earth's radfus which is the harmonic mean of the radii a, and a (7.10),

a The radius of a circular arc that is tangent to the receiving antenna horizon ray at the

horizon, and that merges smoothly with the corresponding arc through the transmitting
antenna horizon, (8.9) figure 8.7,

a Effectlve earth's radius factor corresponding to Ds' (8.15),

a Radjus of a circular arc that is tangent to the transmlitting horizon ray at the horizon,
and that merges smoothly wlth the corresponding arc through the recelving antenna

horizon, (8.9) figure 8.7.

& The axial ratio of the polarization ellipse of & plane wave, (2.11),

a . The axial ratio of the polarization ellipse associated with the receiving pattern (2.11).
a The actual earth's radius, usunally taken to be 6370 kilometers, (4.4).

&) Radius of the circular arc that is tangent to the transmitting antenna horizon ray at the

horjzon, and that passes through a point hte kilometers below the transmitting an-
tenna, (8.8) figure 8.7,

a Radius of the circular arc that is tangent to the receiving antenna horizoen ray at the
horlz'én, gnd that passes th_rox_x‘g_h a point hr_e kilometers below the recelving an-
tenna, (8,8) figure 8.7,
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A Attenuation relative to free space, expressed in decibels, defined as the basic trans--
miission loss relative to that in free space, (2. 20),
A The long-term median attenuation of radlo waves due to atmospheric absorption by

oxygen and water vapor, section 3.

Aar’ at For transhorizon paths, Aa = Adt'* Aar ,» the sum of the absorption from the trans.
mitter to the crossover of horizon rays and the absorption from the crossover of
horizon rays to the receﬁrer, section 3,

Ac Total absorption attenuation within a.cl'oud, {3.13).

Ar Total absorption due to rainfall over a given path, (3.7).

Aw' Rate of attenua.tion through woods in full leaf, (5, 18),

AO ‘Diffraction attenuation relative to free space at an angular distance 6= 0 over a
smooth earth, section 9,2,

A(v, 0) Attenuation relative to free space as a function of the parameter v, (7.2) figure 7.1,

A(v, p} Diffraction attenuation relative to free space for an isolated perfectly conducting
rounded obstacle, (7.7), figure 7,3,

A{0,.p) The diffraction loss for @ =0 over 'an obstacle of radius r, (7.7) figure 7.4,

B The parameter B(K,b) corresponding to thé effective earth's radius a., (3..15).

» . (8.13),
‘ 1,2, t, ¢
B ,B Defined by (8,2), (8.13) and (8,15) as the product of several factors, combined for

Values of the parameter B(K, b} that correspond to values of K

B .,bB convenience in computing diffraction attenuation.

B! Any point along the great circle path between antenna terminals A and B, figure 6,3.
B(K,b°) A parameter plotted in ﬁgur.e 8.3 as a function of K ‘and b°% (8.2).

c Free space veloclity of radio waves; c = 299792.5 % 0. 3 kin/sec.

Cl(Klb °) A parameter used in calculating diffraction ;ttenuation, (8.1) figure 8,4,

Cl(Kl' b®), Cl(KZ' b®) The parameter CI(K' b®) corresponding to K1 and Kz-’ also written

_ C,(K)) and C,(K,), (8.11).

cl(Kl, Z) The weighted average of valueg of Cl(Ki' b°) and CI(KZ' b%), (8.11),

CCIR International Radio Consultative Committee,

d Great circle propagation path distance, measured at gea level along the great circle
path determined by two antenna locations, A1 and .AIZ\, figure 6.1,

d(‘ Clearing depth in meters, -defined as the distance from the edge of woods to the lower

- antenna along a propagation path, (5.19).

d.'a Effective propag-atic;n path alstance, a function of d, fmc' hte' and hre, section 10,1,
(10, 3),

dl_ The sum of the horizon distances dLr and st. In section 10, dL is defined for a
stnooth spherical earth of radius 9000 km, (10.2) and (10, 3),

dLr' st Great circle distances from the receiving and from the trénsmitting antennas to the

corresponding horizons, figure 6.1,
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dBu

[s32

Hu]ml

i{v)

Distance between the receiving or transmitting antenna horizon and the crossover of
horizon rays as measured at sea level, (6.20).

1f eor or 'eot is negative, d'sr or d"t is computed (6.23) and substituted for dsr
or dut in reading figure 6,9,

The theoretical distance where diffraction and scatter flelds are approximately cqual
over a smooth earth, (10, 1),

‘The greatest distance for which the attenuation relative to free space is zero, (5.10).
Distance from the transmitting, or the receiving antenna, to the crossover of horizon
rays, measured at séa level, figure 6,1,

Great circle distance from one.antenna of a pair to the point of reflection of a re-
flected ray, figure 5.1,

Decibgls = lTO lo_g10 (power ratio) or 20 loglo (voltage ratio). In this report, all
logarithms are to the base 10 unlées otherwise stated,

Decibels above one microvolt per meter,

Decibels above one watt,

Divergence coefficient, a factor used to allow for the divergence of energy due to re-
flection from a convéx l.!urface, {5.2).

Diameter of a paraholic reflector in _nietera, (2.17.

Great circle distance between transmitting and receiving horizons, (6.17), figure 6.1.
A function of dst' dsr used in computing diffra(;tion 10.58, (8.16), figure 8.8.

The positive to negative amplitude of the cross-polarized vector component e and of
the principal polarization component ep of a complex polarization vector e, section
2,3 and annex IIL.

A complex vector E: :p + i?c , section 2,3 and annex II,

Radio wave frequency in megahertz (megacycles per second),

A function used in computing path antenna gain, defined by (9.13) figure 9.7.

Thg correction term .Fo atlows for the rec@uctién of scattering efficiency at great

he_ights in the atmosphere, (9.1) and (9.7}.

F(xl), F(xz) ‘Functions used in computing diffraction attenuation, (8.1) and figures.8.5 and 8. 6.

F(6d)

The attenuation function used in calculating median basic transmission loss for scatter

paths, (9.1) figures 9.1, and III. Il to III. 14,

B By Gr' Gt Maximum free gspace directive gains for the receiving and transmitting antennas

Bri’ Byy
go
go
Eo1! Boy

respectively, Gr = 10 log g, db, Gt = 10 log g, db, section 2.2.

Directive gain factors defined for each .antenna in the direction of the point of ground
reflection, (5.1).

The Irnaximum value of the operating gain of a recelving system, (V.7).

The directivt:a gaiﬁ for one antenna in the direction of the other, section 5.1,

The diréctive gain of the transmitting and receiving antennas, each in the direction

of the other, assuming matched antenna polarizations, (5,1).



g(p, )

A frequency factor used to adjust predicted long-term variability to allow for

frequency-related effects, (10. 6) figare 10.3.

gt(i'-‘), Gt(f) Free space directive gain of the transmitting antenna in the direction 7, see also

4

g)(F), G(f) = 10 log g () db, section 2.2.
Power gain of a transmitting antenna when the power input to the antenna terminals

is w't watts, section 2,2,

g;;(f). G;:(f) Power giin of a transmnitting antenna in the direction #, G;(i") = 10 log g;(ie‘) db,

G

G
P

pr

G
PP
G(h)

G ()

section 2.2,

The maxirmum free space directive gain relative to an ieotropic radiator (2,5).
Path antenna gain, the change in transmission ioll or propagatloﬁ loss ii_hypbﬁmt-
ical loss-free isotroplc antennas with no oriem;atioh, _polarization, or multipath
coupling loss were used at the same locations at the actual anténnan, (2.14).

Path antenna gain in free space, (2.17).

Path antenna power. gain, (2.14).

Residual height gain function, figure 7.1,

Power gain, in decibels, of a recéhfing antenna, (2,4).

G(Tx'l). G(iz) The function G(h) for the transinitting and recelving antennas, respectively,

G(H)

Gi,(i")
Gix )
GHz

re’

’
rs

ti

hte

h
ta

(7.5).

Directive gain of an antenna in the direction ¥, The maximum value of G(f) is
G, smection 2,2,

Directive gain, in decibels, of a receiving aritenna in the direction £, (2,4),

A function used in computing diffraction, (B. 1) figures 8.5 and 8, 6.

Radio frequency in gigacycles per second,

Helght above the surface of the ground as used in (3.10), (3,12),

Helght referred to sea level.

Equidistant heights of terrain above sea 1eve1, (5.15), (6.10),

Height of the receiver or transmitter horizon obstacle above sea level, (6,15),
Helght of the intersection of horizon rays above a straight line between the antennas,
determined using an effective earth's radiui, a, (9.3b) and figure 6.1.

The height hr or ht is defined as the height of the receiving or tranimltt.lng an-
tenna above the average height of the central 80% of the terrain between the an-
tenna and its horizon, or above ground, _whichevér gives the larger value, (6; 11).
Effective height of the receiving or transmitting aritenna above ground, For hr' ht
less than one kilometer hre = hr . hte = ht' ‘For higher antennas a correction Ah
is used, (6.12).

Height of the receiving antenna or transmitting antenna above sea level, figure 6.1,
(6.11),(6.15),

Elevation of the surface of the ground above mean sea level, (4.3).

The heights above séa level of evenly spaced terrain elevations between the transg-

mitter and its horizon, (6.11).
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h Height of the crossever of horizoh rays above a straight line between the trans-

mitter and receiver horizon obstacles, (9.7) figure 6.1,

hl, h?. Hejghts of antenna terminals 1 and 2 above the surface of the earth, figure 5,1,

h‘l. h'z Heightiu of antenna terminals 1 and 2 above a plane tangent to a smooth earth at
the bounce point of a reflected ray, (5.8).

® Average height above sea level, (5.15).

.ﬁt Average height of the tranlrhit.t'ing antenna above the central 80% of terrain be-
tween the transmitter and its horizon, (6.11).

-1;1' EZ Normalized helghts of the transmitting and receiving antennas, (7.6).

h(x) A straight line fitted by least squares to equidistant heights above sea level, (5.15).

h(0), h({d) Height above sea level of a smooth curve fitted to terrain visible to both antennas,
and extrapolated to the tranemitter at h(0) and the receiver at h(d), (5.17).

hi(xi) A series of equidistant heights above sea level of terrain visible to both antennas,
section 5. 1.
Ho The frequency gain function, discussed in section 9.2,

Ho(n' < 1), Ho('q! = 1) Value of the frequency gain function, Ho' where the parameter n,
is less than or equal to one, .r_eapec:tivel'y, (9.6).
Ho(qs = 0) The frequency gain function when n, = 0 which corresponds to the agssumption of a

constant atmospheric refractive index, figure 9.5,

Hz Abbreviation for hertz = cycle per second,
K A frequency-dependent coefficient, (3.8).
K A parameter used in computing diffraction attenuation, K is a function of the ef-

fective earth's radius, carrier frequency, ground constants, and polarization,
figure 8,1 and annex III, 4.
Kl A frequency and temperature-dependent attenuation coefficient for absorption
within a cloud, (3,13) and table 3,1,
Rl' KZ' Kr' Kg. Kt Values of the diffraction parameter K for corresponding earth's radii
a.l, az, ar, a.’, at. (8.8) to (B. 13).

K(a), K(849T) .The diffraction parameter K for an effective earth's radius a, and for

a = 8497 km,

K(fGHz) A frequency-depepdent coefficient used in computing the rate of absorption by
rain, (3.9%a) and figure 3.8,

Ier' Ler The effective lo‘ll factor for a receiving antenna, or the reciprocal of the power
;e_ceiving efficiency, (2.3), Ler-= 10 ;og !ex; db.

let' Let The .eﬁect{ve loss factor for a transmitting antenna, (2. 3), Let = 10 log !et db.

L Transmission loss expressed in decibels, {2.2).

L, Basic transmission loss, (2.13) and (2. 14).

Lbd Basic transmission loss for a diffraction path, (7.3), (7.4).

Ll')f Basic transmission loas in free space, {2.16}.
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Lbm Hourly median bagic transmission loss,’
'Lb"_ Reference value of long-term median basic ‘transmission loas based on forward scatter-
loss, (9.1).
L Calculated value of transmission loss,
, : _ Polarization coupling loss, (2.10),
c: Reference yalue of hourly micdian transmission loss when diffraction and scatter Iosnes
are combined, (9.14). _
I"dr Reference v.a.lue of hourly median transmission losg due to diffraction, (9:14).
I"f A_n.'.'equivalent free.-upace transmission 10:\!, " (Z'. 19). |
Lgp Loss in path antenna g#n, defined as the difference between the sum of the maximum
gains of the transmitting and receiving antennas and the path antenna gain, (2,21).
Ll o L‘ t Tranumiuic’m line and r;xatching network losses at the réceiver and trnplmittei.
Lo " Path loss, defined as tranamission loss plus the sum of the maximum free space gains
of the antennas, (Z.12).
L The system loss expressed in decibels, defined by (2.1), System loss includes ground
° and dlelectric losses and antenna circuit losses,
L. Reference value of median forward scatter transmission loss, used with Ldr to ob-

tain the reference va.lue L-cr , {9.14),

"L{g}, L{0.5)  Long-term value of transmission loss not exceeded for a fraction q. of hourly
medians; L (0. 5) is the median value of L{g), section 10, .

Lb(q), Lb(O. 5) Long-term value of basic transmission loss not exceeded for a fraction q of

lhourly medians; Lb(O. 5) is the median of Lb(q) .

M Liguid water content of a cloud measured in grams per cublc meter, (3.13),
Mﬂz Radio frequency in megahertz,

n Refractive index of the atmosphere, sectiqn 4,

n The ratio ao/ 6': or {30/ 6:‘ used to compute fi, (9.12).

n Atmospheric refractive index at the surface of the .ear_th.. (4.1).

n A parameter used_ in calculating path antenna gain, (9.12).

N Atmospheric refractivity defined'as N= (n-1) X 106, section 4,

No Surface refraétivi.ty reduced to sea level, (4.3).

The value of N at the surface of the earth, (4.1),
_ﬁ(f), B {(<f) - Complex polarization vectors, section 2,3 and annex II,
S :
|[B* P | ¥ Polarization efficiency for transfer of energy in free space at a single radio frequency,

{(Z2.11) and (II. 62),

.!;U

q Time availability, the fraction of time a given value of transmission loss is not ex-

ceeded, sect;ion 10,

q The ratio q = rals T, used to co.mpute AHO. (9. 5).
r The length in free space of the direct ray path between antennas, figure 5,1,
T Radius of curvature, (7.9).
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Effective distance for absorption by 'oxygen in the atmosphere, (3,4) figures 3.2 to 3.4,
Effective rain-bearing distance, (3,11) and (3.13) ﬂgureu‘ 3, iO to 3,13,

Effective distance for abl-orptiofx by water vapor in the atmosphere, (3.4), figures 3.2
to 3,4,

Length of a direct ray between antennas over an effective earth of radius a, figure 5.1,
Parameters used in computing the frequency gain function H_ . and defined by (9.4).
Distances whose sum ig the path length of a reflected ray, figure 5,1,

Direction of the most important proPégatiqn path from the trangmitter to the receiver,
or from the receiver to the transmitter.

Straight line distances from tranamitting and recelving antennas to a point on'the ground
a distance xi from the_ transmitting antenna, figure 6,4,

Abbreviation of rootwmean~sguare,

The magnitude of the theoreti.cal coefficient R exp[ <i(w -c)] . for reflection of a plane
wave from a smooth plane surface of a glven conductivity and dielectric constant, (5.1).

An"'effective" ground reflection coefficient, (5,1).

'Rainfall rate in millimeters per hour, (3,10),

Surface rainfall rate, (3,10).

Cumulative distribution of instantaneous path average rainfall rates, figure 3,14,
Afunctlonof L ~'L__, (9. 14) figure 9.9..

Path asymmetry factor, s = aolﬁo, (6.19).

Reference absolute temperature, To = 288,37 degrees Kelvin,

Temperature in the tropogphere in degrees Kelvin,

Effective sky nolse tempera_ture.ln degrees Kelvin,

Abbreviation of Television Allocations Study Organization,

A parameter used in computing diffraction over a rounded obstacle, (IIl.26) and figure
7.5,

A parameter used in computing diffraction over an isolated obstacle, (7.1).

V(0.5, de) A parameter used with the calculated long-term reference value, Lcr ; to predict

. . d
Vn(O 5, o

median long-term transmission loss, figure 10,1 equations (5. 4) and (HI. 67).

)~ The parameter V(0,5, de) for a given climatic region characterized by the sub-
script n, (10,4) figure 10,1,

Radio frequency eignal iaower that would be available from an equivalent loss-free re-
celving antenna, Wa = 10 log wa: dbw, (2.2)

Radio frequency signal power available at the terminals of the receiving antenna,

1 = 1
W! = 10 log w! dbw, (2.1).

Total power radiated from the transmitting antenna in a given band of radio frequencies,
Wt = 10 log Wy dbw, (2.2).

Available power at the terminals of a hypothetical loss-free isotropic receiving an-

‘tenna, assurning no orientation, polarization, or multipath coupling loss between

'tran_smit'ti‘ng and receélving antennas, (2.13).
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Yy
y(x)
Y!
Y(q)

A specified value, the discussion preceding (2, 14),

A variable designating distance from an antenna, figure 6.4

The i.th distance from the trnmn'x_ittex" along a great circle path, figure 6.4,
Parameters used to coni_pute diffraction loss, (8,2) flgures 8.5 and 8.6,

‘Points chosen to exclude terrain adjacent to either antenna which is not visible to the
other in computing a curve Ilt; (5. 15).

Tﬁe average of distances X, and *,0° (5.150). .

Initial bearings from antenna terminals A and B, measured from true north, figure
6.3.

Terrain elevations, modified to account for the curvature of the earth,. (6, 10),
Modified terrain elevation, y(x) = h(x) - x>/(2a), (5. 16).

Bearing from any point B' along the great circle path AB, figure 6.3,

lLong-term variability of Lm or of Wm in terms of hourly medians, {10, 6) and (v.4).

Y(q, 100 MHz) Basic estimate of variability in a coqtinenul ternperate climate, figure 10,2,

Y(q: de. 100° MHz) Basic estimate of variability as a function of effactive distance, (10. 6) figure

'z
zl

10,2,
Great circle path length between antenna te'r_mina.l.' A and B, figure 6.3,
Great circle path distance between an antenna and an arbitrary point B', figure 6,3,

12-8



le

YWO

y(r)
v, ()

The pararmeter a is defined in equation (3.9b) and plotted as a function of frequency on
figure 3.9,

The angles qoo’ ﬂoo modified by the corrections Aao, Aﬁo. (6.19).

The angles between a transmitter or receiver horizon ray and a line drawn between the’
antenna locations oﬁ an earth of effective radius, a, (6.18) figure 6.1,

The function a in (3.9b) as a function of fréquency in GHz, figure 3.9,

Differential absorption in decibels pér kilometer for oxygen under standard conditions
of temperature and preasure, (.3._4)..

Rate of absorption by rain, (3, 8).

Surface value of the rate of absorption by rain, (3.11).

Differential absorption in decibels per kilometer for water vapor under standard condi-
tions of temperature and pressure and for a surface value of asqolute humidity of
10g/cc, (3.4).

Differential atmoepheric absorption in db/km for a path length r, (3.1).

Differential rain absorption along a path r, (3.7).

yo(h). yw(h) Differential absorption in dB/km for oxygen and water vapor, respectively, as' a

I(r)
5. by

6,06

w oz
Aa:o, Aﬁo
A

[

Ah
e

Ar

AaO(N!),

function of height, h, (3.3).

Absorption coefficient as a function of path distance r, (3.2) and (3.6).

The effective half-power semi—beam\x;idth for the recelving and transmitting antennas,

respectively, (9.11) and (9. 12).

Azimuthal and vertical semi-bearr_xwidths, (2.6).

Correction terms applied to compute a -[30 (6,19) figure 6.9,

Depression of field strength below smooth earth values, (5.19).

A correction term used to compute the effective height for high antennas, (6.12) figure
6.7.

The path length difference_befween a direct ray, ros and a reflected ray, Ar = T +r

S (5.4), (5.9) and (7.1).
Auxiliary functions used to check the ‘magnitude of error in the graphical determination
of diffraction attenuation, (8.5) figures 8,5 and 8.6,

2

A correction term applied to the frequenc':y gain function, Ho, (9. 5) and figure 9,4,
The refractivity gradient from the surface value, Ns , to the value of N  ata height
of one kilometer above the surface, (‘_1.2).

!ﬁo(Ns) The correction terms Aan, Aﬁo for values of N! other than 301, (6.21)
figure 6.10.

Aa°(301), Aﬁ°(301) The correction termas Aao, Aﬂo for Nii = 301, (6.2]) read from ﬁgufe 6.9.

Ah(hr, Na)' Ah(ht, Ns) The correction Ah'eas a function of N! and of receiver and transmitter

heights h  and ht' (6.12) figure 6.7,
A function of ho and Ns ‘used in computing Fo and Ho' (9. 3) and figure 9,2,
The angular distance, 6, is the angle between radio horizon rays in the great circle

plane defined by the antenna locations, (6.19).
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or’ ot

i
Pra

1r

o (p)

O(v, ]

3(v, 0)

Horizon elevation angles at the receiver and transmitter, respectively, (6.15).
Angle of elevation of a direct ray relative to the horizontal at the lower antenna, (5.12).
See Bb and f(Bh) .

Angle of elevation above the horizontal, figures 3.2 to 3.4.

Angle between radio horizon fays. asguming straight raye above an earth of effective
radius, a, figure 6,1,

The angular elevation of a horizon ray at the receiver or transmitter horizon, (6.16)
figure 6, 1.

Free space radio wave length, used for example in (2.7),

The ratio § /b used in (9.12) and figure 9.8,

A parameter that is half the value of n, used in computing loss in antenna gain, (9.11),
(9.12) and figure 9,7.

Radio frequency in hertz,

A constant, w & 3,14159264,

Correlation coefficient b_etWeen two random variables.

Index of curvature for the crest curvature of a rounded obstacle in the great circle
path direction, (7.8),

The correlation between variations due to sources i and i, (10.8).

The corrélation between variations 'Y and Ya. (10, 9).

The correlation betyveen vgr_iationa' Y and Yr, (10.9).

The root-mean-square deviation of great circle path terrain elevations relative to a
smooth curve fitted to the terrain, (5.1),

The gtandard deviation corresponding to the variance o (p)

A symbol to represent the summation of terms, as in (5 15) where izb h means the
sum of all values of hi from 1=0 to 1=20,

The total phase lag of the diffracted field over an isolated rounded obstacle with reflec-
tions from terrain, (7.13).

The total phase lag of the diffracted field over an ideal knife edge with ground reflec-
tions, (7. 13).

Latitudes of antenna terminals A and B, (6.1) to (6.9) figure 6,3,

Latitude of an arbitrary point along the great circle path from A to B, (6.7).

The grazing angle of a ray reflected from a point on the surface of a smooth earth,
(5,1) figure 5.1, or grazing angle at a feuillet, annex IV,

Minimum grazing angle, section 5, 1

The acute angle between principal polarization vectors "é-p and e £ (2.11),

The half-power beamwidths of the réceiving and transmitting antennas. respectively,

(9.10).
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